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The 450 km long and 40-50 km wide Namaqualand pegmatite belt, synonymous with the 
Orange River pegmatite belt (ORPB), consists of > 30 000 individual pegmatites that intruded 
the Namaqua Sector of the Mesoproterozoic Namaqua-Natal Metamorphic Province (NNMP) 
in Southern Africa at ca. 1 Ga. The central part of the belt is characterised by the occurrence of 
NYF pegmatites, classified as mineralised, herewith referred to as complex (Witkop, Koegab, 
Sidi-Barrani) and regular, referred to as simple (WD-S-, CD-S-, ED-S) pegmatites located in 
the western, central and eastern domains of the Kakamas Domain.  The classification of the 
pegmatites in this study is based on their field appearance including size, zoning and proportion 
of rare element-bearing minerals. Complex pegmatites are enriched in REE-U-Th-rich mineral 
phases, are large in scale in the field (up to tens of meter’s thick) and show a heterogeneous 
texture. Simple pegmatites are those that contain minor concentrations of REE-U-Th-rich 
mineral phases, are of smaller scale (up to few meter-thick) compared to complex pegmatites 
and mostly show a relatively homogeneous texture.  
In this study, field and petrographic observations, combined with U-Pb monazite and titanite 
ages and the compositions of mica and feldspar are reported. This information will aid in 
understanding the differences and/or similarities and document the evolution of complex and 
simple pegmatites. Two age groups were identified in our study. The older generation of 
pegmatites, analysed using titanite crystals and consisting of the CD-S-C and ED-S-A simple 
pegmatites, were emplaced at 1043 ± 5 Ma and 1025 ± 6 Ma respectively. The emplacement 
of the CD-S-C and ED-S-A pegmatites is contemporaneous with the intrusion of Cu-rich mafic 
igneous rocks of the Koperberg Suite at 1060-1010 in the Bushmanland Subprovince, which 
occurred during the D3 large-scale folding event, associated with the development of steep 
structures that host the Koperberg Suite. The younger generation was analysed using monazite 
crystals and consists of the Witkop, Koegab and Sidi-Barrani pegmatite-1 complex pegmatites 
which were emplaced at 985 ± 4 Ma, 977 ± 2 Ma and 969 ± 5 Ma, respectively. These 
pegmatites were emplaced during the D4 dextral deformation event that occurred between 1008 
and 970 Ma along subvertical structures such as the Pofadder Shear Zone.  
In addition to the common rock-forming minerals (quartz, feldspars and micas), the complex 
pegmatites (younger group of pegmatites) show a wider variety and greater abundance of REE-
, Th-, U-rich mineral phases such as monazite, xenotime, and euxenite compared to the simple 
(and older) pegmatites, which are dominated by magnetite, ilmenite and titanite and host only 
a low concentration of the REE-, Th, U-rich mineral phases present in complex pegmatites. 
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Since complex pegmatites are characterised by younger emplacement ages compared to simple 
pegmatites, with an up to 60 Ma age difference, our findings demonstrate the possibility of the 
pegmatite groups being derived from different sources, which were perhaps enriched in REE-
Th-U to different extents. This would explain why complex pegmatites have a higher 
concentration in REE-, Th-, U-bearing minerals compared to their simple counter-parts, which 
may have been derived from less enriched sources. However, due to the lack of spatially, 
temporally or geochemically associated parental granites to the exposed ORPB NYF 
pegmatites, their formation via extended fractional crystallisation associated with a granitic 
magma (residual pegmatites) is improbable. However, based on our geochronology and the 
absence of contemporaneous granites to the pegmatites, their formation may be related to the 
partial melting of crustal sources thus favouring an anatectic origin for the pegmatites. 
Rare-element enrichment and/or depletion in micas from complex and simple pegmatites 
appears to be controlled by textural relationships that classify micas as either primary 
(interpreted as magmatic) or late-primary to secondary (interpreted as late-
magmatic/hydrothermal). Therefore, rare-element enrichment in micas cannot be used as a 
direct proxy to connect complex and simple pegmatites to the same pegmatite melt. However, 
the rare-element enrichment in micas can be used to confirm the probability of the pegmatites 
being derived from different sources, which were likely variably enriched in REE, as there is 
no systematic pattern of enrichment between complex and simple pegmatites. 
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1. INTRODUCTION  
1.1. Background and rationale 
As the world changes to more sustainable energy sources, there has been an increase in the 
importance of rare metals such as Li, Nb, Ta, Sn, W and rare-earth elements (REE; Linnen et 
al., 2012). This has sparked a great interest in the re-evaluation of pegmatites, as they are among 
the potential sources for these rare metals (Beurlen et al., 2014). Therefore, it is essential to 
understand the petrogenesis of pegmatite deposits. 
The Namaqua Sector of the 1300-1000 Ma Namaqua-Natal Metamorphic Province (NNMP) 
in southern Africa hosts the 450 km long and 40-50 km wide Namaqualand pegmatite belt, 
synonymous with the Orange River pegmatite belt (ORPB), which consists of > 30 000 
individual pegmatites (Hugo, 1970; Schutte, 1972; Minnaar and Theart, 2006). The pegmatites 
of the ORPB vary in shape and size and belong to the lithium-caesium-tantalum (LCT) or 
niobium-yttrium-fluorine (NYF) family of pegmatites (Hugo, 1970). Most studies on the 
ORPB focused on the more economically interesting LCT pegmatites (Minnaar and Theart, 
2006; Ballouard et al., 2020) and thus posing an excellent opportunity to study the currently 
less economically attractive, NYF pegmatites. Pegmatites of the NYF family, enriched in Nb-
Y-F (Černý and Ercit, 2005) with mineralisation that involves fluorite and minerals enriched 
in the high field strength elements (HFSE), typically bear a chemical affinity to A-type and to 
a lesser extent, I-type granites (Chappell and White, 2001), which can be generated by a variety 
of processes involving depleted crust or mantle contributions in post-tectonic to anorogenic 
settings (Martin and de Vito, 2005). 
Despite decades of research, the source of pegmatite melts and enrichment processes involved 
in NYF pegmatites are still poorly understood. This study thus seeks to tackle these issues by 
providing a detailed petrographical, geochemical and geochronological study of selected 
complex and simple NYF pegmatites in the western, central and eastern domains of the 
Kakamas Domain in the Namaqua Sector. We present compositional data for mica (major, 
minor and trace elements) and feldspar from the pegmatites and U-Pb monazite and titanite 





1.2. Aims and objectives of study 
Rare-earth elements are incorporated in everyday life such as cars, computers and smartphones 
(Chakhmouradian and Wall, 2012). With the change of focus from fossil fuels to sustainable 
energy sources, there is an increasing demand for critical metals. Therefore, understanding the 
reasons for enrichment of pegmatites in these elements is important.  
In the 450 km long Orange River pegmatite belt (ORPB), the origin of the magma that formed 
the incompatible element-rich pegmatites is still widely debated. The most detailed studies of 
the ORPB focus on the economic potential of LCT pegmatites (Minnaar and Theart, 2006) and 
their evolution processes leading to pegmatite enrichment in rare metals (Ballouard et al., 
2020), especially for those pegmatites located in the western parts of the pegmatite belt. The 
NYF family of pegmatites from the belt has received little attention in the past compared to the 
LCT family of pegmatites and therefore the understanding of processes involved in NYF 
mineralisation may provide further insight to the enrichment processes in these rocks. 
This study aims to understand why some NYF pegmatites of the ORPB are complex, and 
thereby more enriched in incompatible elements, and others not. The objectives of the study 
include characterising complex and simple pegmatites in terms of their field appearance, 
mineralogy including their chemical evolution, focusing on the composition of micas and 
feldspar, and age differences. The data obtained will aid in understanding the differences and/or 
similarities and document the evolution of complex and simple pegmatites.  
Following the above objectives, the core questions this research seeks to answer are: 
• How old are complex and simple pegmatites? 
• Which minerals characterise the complex and simple type pegmatites? 
• What is the role of magmatic and/or hydrothermal processes in rare element 
enrichment? 
• Why are there complex and simple NYF pegmatites and how did these pegmatites 





1.3. Literature overview of pegmatite petrogenesis 
Pegmatites are broadly defined as very coarse-grained (> 20 mm) igneous rocks, commonly 
composed of granitic minerals (quartz, feldspar, ± muscovite, ± biotite) with textural 
characteristics such as skeletal and graphic textures (London, 2015), although some exceptions 
exist with alkaline and mafic pegmatites. A particular interest in pegmatites, aside from their 
gigantic crystal size and potential for gemstones, is their enrichment in rare elements such as 
Nb, Ta, Li, Sn, rare-earth elements (REE; Simmons and Webber, 2008). Pegmatites are also 
exploited for silicate minerals such as feldspar and quartz (Černý, 1991a; Linnen et al., 2012; 
London and Kontak, 2012). Because of the increasing interest in the commercial exploitation 
of pegmatites for rare elements, it is important to understand the sources and process involved 
in pegmatite mineralisation. Although the geochemistry and structural features of granitic 
pegmatites differ, they share a common genetic feature of crystallization from volatile-bearing 
melts with varying enrichments of lithophile rare elements (Černý, 1991b; London, 2008). 
 
1.3.1. Pegmatite classification scheme 
The classification of pegmatites is broad and complex, however, the simplest division is that 
of barren and rare-element pegmatites, with the latter hosting appreciable amounts of beryl, 
lithium aluminosilicates, phosphates other than apatite, oxides other than magnetite or ilmenite, 
and other rare minerals (London, 2014). Many approaches to classify pegmatites have been 
proposed in the past, however, the most widely accepted classification scheme is that by Černý 
and Ercit (2005), which was modified after Ginsburg et al. (1979). Their classification scheme 
follows two criteria, which are discussed in the subsections that follow. 
1.3.1.1. Emplacement depth 
The first criteria of classifying pegmatites is largely based on their structural level of 
emplacement, leading to a division into five classes based on their trace element signature: 
abyssal (AB), muscovite (MS), muscovite-rare element (MSREL), rare-element (REL) and 
miarolitic (MI) (Table 1.1). These classes are further subdivided into subclasses, types and 
subtypes of differing geochemical and mineralogical characteristics as determined by the 
pegmatite mineral assemblages and mineral chemistry (Table 1.1; Černý and Ercit, 2005 and 





Table 1.1: The pegmatite classification scheme of Černý and Ercit (2005), modified to show 
the correlation between pegmatite classes, families, and relations with granitic plutons (Černý 
et al., 2012). NYF = niobium-yttrium-fluorine; LCT = lithium-caesium-tantalum; H/LREE = 
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1.3.1.2. Melt source type 
The second and most important approach to classifying pegmatites deals with the petrogenetic 
aspects of pegmatites (Černý 1990, 1991a, b; Černý and Ercit, 2005). This classification 
scheme focuses on pegmatites derived by igneous differentiation from plutonic parents of 
diverse sources, thus implying a genetic relationship between pegmatites and their parental 
magma (London, 2018). Three petrogenetic families are distinguished based on their trace and 
minor element signature: a) a niobium-yttrium-fluorine (NYF)-family, b) a lithium-caesium-
tantalum (LCT)-family, c) a mixed NYF and LCT family (Table 1.1; Černý and Ercit, 2005; 
Simmons and Webber, 2008). The signature of the petrogenetic family is mostly evident in 
highly fractioned members of a group in the form of their exotic mineral assemblages.  
a) NYF pegmatites 
Pegmatites of the NYF family are characterised by an enrichment in niobium, yttrium and 
fluorine with mineralisation that involves fluorite and minerals enriched in the high field 
strength elements (HFSE) such as Nb, Ta, Ti, Th, U, Y and rare-earth elements (REE) with 
concentrations of Nb higher than Ta (Černý and Ercit, 2005; Černý et al., 2012). These 
pegmatites typically bear a chemical affinity to A-type and to a lesser extent, I-type granites 
(Chappell and White, 2001), which can be generated by a variety of processes involving 
depleted crust or mantle contributions in post-tectonic to anorogenic settings (Martin and de 
Vito, 2005).  
Based on geological, isotopic, and geochemical evidence, combined with petrological 
considerations, several possible modes of origin for NYF pegmatite-forming magmas are 
proposed: a) NYF magmas are formed by differentiation from mantle-derived basaltic magmas, 
b) NYF magmas are formed by partial melting of middle- or lower-crustal protoliths, which 
had undergone a previous episode of melting in which LCT elements were mobilized and NYF 
elements retained, c) NYF magmas are formed by the melting of undepleted juvenile igneous 
lithologies in an orogenic setting, d) NYF magmas are formed by a combination of b) and c), 
or e) NYF magmas are formed by melting of crustal rocks pre-enriched in NYF elements by 
mantle derived fluids (Černý and Ercit, 2005; Martin and De Vito, 2005; Černý et al., 2012).  
b) LCT pegmatites 
Pegmatites of the LCT family are characterised by an enrichment in lithium, caesium, tantalum 
and marked by Li, Rb, Cs, Be, Sn, B, P and F enrichment with progressive fractionation of the 
melt, along with high concentrations of Ta over Nb (Černý and Ercit, 2005; Simmons, 2005; 
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Černý et al., 2012). These pegmatites are frequently interpreted to have been derived from 
peraluminous S-type granites (Chappell and White, 2001; Černý and Ercit, 2005; Černý et al., 
2012; London and Morgan, 2012). LCT pegmatites are suggested to have been emplaced in 
late- to post-orogenic settings, after crustal thickening (Černý et al., 2012; London, 2018). 
Three possible sources of LCT pegmatite-forming magmas are proposed on the basis of trace 
element distribution patterns, radiogenic and stable isotopic data. The parent melts of LCT 
pegmatites may form a) by anatexis of undepleted and juvenile, upper- to middle crustal 
metasedimentary and metavolcanic protoliths (Černý and Ercit, 2005; Buick et al., 2008; 
Hulsbosch et al., 2014; London, 2014; Roda-Robles et al., 2018; Knoll et al., 2018), b) by low-
percentage anataxis of rare metal- and fluxing element-rich sediments or igneous rocks (Romer 
and Kroner, 2016; Simmons and Webber, 2008) or c) by water-fluxed melting of the deep crust 
in presence of fluids enriched in F, LILE and HFSE, resulting in the formation of rare metal-
enriched melts (Cuney and Barbey, 2014) 
c) Mixed NYF and LCT pegmatites 
Mixed NYF and LCT pegmatite suites are predominantly NYF pegmatites that show strong 
LCT overprinting (Černý, 1991b; Martin and De Vito, 2005; Černý et al., 2012). It was 
suggested that mixed pegmatites represent NYF pegmatites affected by late-stage alkaline 
metasomatism involving a B- and Li-rich fluid derived from their metasedimentary country-
rocks (Martin and De Vito, 2005; Černý et al., 2012). This results in the magmatic NYF 
assemblage being overprinted by an LCT assemblage at a hydrous stage (Martin and De Vito, 
2005). Mixed NYF and LCT pegmatites are thus considered to be of diverse origins, such as 
NYF plutons contaminated by undepleted supracrustal rocks, either at the magmatic or post-
magmatic stage.  
 
1.3.2. Models for pegmatite-forming melts 
The subject of pegmatite genesis has been a topic of great debate for many years as they host 
many rare metals critical for society. Researchers are divided on the proposed models for the 
origin of pegmatites: some favour a purely igneous origin while others support hydrothermal 
processes to explain their formation. Despite these divided ideas on pegmatite genesis, the 
general agreement for the origin of pegmatites is that they form by means of primary 
crystallisation from a volatile-rich, siliceous melt (Jahns and Burnham, 1969; Černý, 1991a; 
London, 1990). At present, there are two hypotheses that aim to explain how pegmatite-
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forming melts are generated (e.g., Simmons et al., 1995, 1996, 2008; London, 2005; Černý et 
al., 2012; London and Morgan, 2012; Shaw et al., 2016) namely, 1) through late-stage 
fractional crystallisation processes associated with granitic plutons (residual pegmatites; 
London, 2005) 2) via low-degree partial melting of crustal rocks (anatectic pegmatites; 
Simmons et al., 1995; Martin and De Vito, 2005; Shaw et al., 2016). 
 
1.3.2.1. Residual rare-element pegmatites 
One school of thought relates to rare-element pegmatite formation by extended fractional 
crystallisation of a granitic magma at the scale of a pluton (Fig. 1.1; London, 2005). This model 
is largely based on the proximal spatial association and close trace element resemblance of the 
pegmatites to the granitic plutons (O’Connor et al., 1991; London, 2005; Martin and De Vito, 
2005). This would imply that the composition of the source magma for the pegmatite melts has 
a major control on the ultimate composition of the resulting rare element pegmatites (Černý, 
1991a).  
 
Fig. 1.1: Schematic representation of regional zoning of rare-element pegmatites through 




For a pegmatite to have been formed via this genetic model, several requirements must be met: 
1) the presence of physical links between pegmatite bodies and parental pluton, 2) the 
proximity between the parental granites and the residual magmas, 3) a relative chronology 
supporting a continuous crystallisation process, 4) continuity in textural, mineralogical and 
geochemical parameters and 5) a limited timeframe allowing the persistence of residual melt 
(Černý, 1991b; Černý and Ercit, 2005; London, 2005; Linnen et al., 2012) 
Many authors support this model of pegmatite formation by extended fractional crystallisation 
of a fertile granite, even where a parent granite body is uncertain (e.g., Crouse and Černý, 1972; 
Jahns and Ewing, 1976; Černý and Ercit, 2005; Stilling et al., 2006; Buick et al., 2008; 
Hulsbosch et al., 2014; London, 2014; Roda-Robles et al., 2018). This poses the question 
whether it is valid to assume that, if a pegmatite cannot be proven to be spatially, temporally 
or genetically related to parent granites, an unseen granitic body exists at depth (Shaw et al., 
2016). In light of this question, Martin and De Vito (2005) suggested that a detailed 
understanding of tectonic settings and magmatic chronology is necessary to understand the 
origin of pegmatites in question. 
 
1.3.2.2. Anatectic rare-element pegmatites 
A second school of thought relates the formation of rare-element pegmatites through small 
degree partial melting of crustal sources (Fig. 1.2), which results in the enrichment of 
incompatible elements and rare metals in the pegmatites (Simmons et al., 1995, 1996, Simmons 
and Webber, 2008; Shaw et al., 2016). The formation of pegmatites through the partial melting 
of crustal rocks is based on: 1) the common similarity between the pegmatites and host-rock 
major element geochemistry, 2) the occurrence of leucosomes with pegmatitic textures in 
metamorphic terranes, 3) the difficulty of relating highly evolved magma compositions to 
plausible granitic sources (Norton and Redden, 1990; Novák et al., 1999; Martin and De Vito, 
2005). Although this model is still an area of on-going research, it has already been supported 
by various authors (e.g., Norton and Redden, 1990; Hutton and Reavy, 1992; Simmons et al., 
1995, 1996; Druguet and Hutton, 1998; Kontak et al., 2005; Martin and De Vito, 2005; Müller 




Fig. 1.2: Schematic diagram illustrating the process of low degree partial melting of a crustal 
source to form a zoned rare-element pegmatite (modified after McKeough et al., 2013). 
 
1.3.3. Internal anatomy of pegmatite bodies 
The internal structure of pegmatites was described by Cameron et al. (1949) and their 
terminology is still in use to date. Generally, two types of pegmatite bodies are recognized, 
based on the texture and complexity of the mineral assemblage present in the pegmatite: 
homogeneous (or simple) and heterogeneous (or complex) pegmatites. 
 
1.3.3.1. Homogeneous (simple) pegmatites 
This group of pegmatites is defined as bodies that are simple aggregates of quartz, feldspar 
with subordinate amounts of mica, and accessory minerals such as tourmaline that cannot be 
divided readily into units of contrasting mineralogy or texture (Cameron et al., 1949; Hugo, 
1970).  
 
1.3.3.2. Heterogeneous (complex) pegmatites 
These are pegmatite bodies that show some degree of systematic arrangement of their 
constituents, each of which consists of two or more structural and lithologic units which differ 
in mineralogy and/or texture (Cameron et al., 1949; Hugo, 1970). Heterogeneous pegmatites 
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are commonly zoned (Fig. 1.3). Zoning refers to the identification of areas or mappable ‘shells’ 
within a pegmatite body, which are dominated by a particular mineral/s and which differ in 
texture, grain size and crystal habit (Cameron et al., 1949; Ercit et al., 2005; London, 2008, 
2009). The zones reflect the internal structure of the pegmatite body (Fig. 1.3; Cameron et al., 
1949; Hugo, 1970). The zones are primary crystallisation features, which commonly show 
increasing grain size and a decreasing number of rock-forming minerals, from the margins to 
the core. London (2008) classified the following zones that may or may not be fully developed 
and/or continuous in a given pegmatite (Fig. 1.3): border zone, wall zone, intermediate zone, 
core zone. 
 
Fig. 1.3: Idealised block diagram of a heterogeneous (complex) pegmatite, illustrating 
concentric zonation around a central core zone (modified after Cameron et al., 1949; London, 
2008). Zonation may be developed to the scale of several meters. Note that some zones may or 
may not be (fully) developed in a given pegmatite. 
 
a) Border zone 
The border zone occurs as a thin layer (mm to cm thick) in the outermost parts of a pegmatite 
body (Fig. 1.3) and is aplitic to finely crystalline (~ 2-5 mm). It occurs in contact with the 
pegmatite’s host rocks and is similar to the chilled margin of other intrusive rocks. The border 
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zone is commonly composed of feldspar, quartz and muscovite with accessory tourmaline, 
beryl, apatite and garnet. 
b) Wall zone 
The wall zone adjoins the border zone (Fig. 1.3). Compared to the border zone, the wall zone 
is thicker (few cm to several m) and coarsely crystalline (~ 1 cm to several m). The mineralogy 
of the wall zone is essentially the same as the border zone and these two zones may be 
considered as textural variants of the same mineralogical zone (Cameron et al., 1949, London, 
2014). 
c) Intermediate zone 
The intermediate zone is marked by a sharp increase in grain size inwards from the border and 
wall zones (Fig. 1.3) and is identifiable by the dominance of a particular mineral. The 
intermediate zone is typically dominated by perthitic K-feldspar, plagioclase, muscovite and 
quartz with spodumene, petalite, lepidolite or montebrasite for LCT pegmatites. Although the 
intermediate zone is less commonly developed than other zones in a pegmatite body, this zone 
is most prominent in the thickest part of a pegmatite body and pinches out and disappears where 
the pegmatite thins. One or more intermediate zones may be developed in a single pegmatite 
body. 
d) Core zone 
The core zone represents the innermost unit of a zoned pegmatite body (Fig. 1.3). It is 
dominated by monomineralic quartz. However, it may contain variable proportions of perthite 
and albite together with a large variety of Li-aluminosilicates and phosphates for LCT 
pegmatites. 
 
1.3.4. Internal evolution of pegmatites 
Different processes have been put forward to explain the zoning that is observed in pegmatites 
(Fig. 1.3). Previously, it was believed that the crystal size observed in pegmatites could be 
explained by slow cooling in a silicate melt or the interaction between an aqueous vapour phase 
and a silicate melt (Jahns and Burnham, 1969). However, recent studies have suggested that 
pegmatites are in fact undercooled liquids (Nabelek et al., 2010; London, 2014, 2018). Under 
these conditions, crystal nucleation rates decrease and ionic diffusion increases which can lead 
to the formation of large crystals, characteristic of pegmatites (Nabelek et al., 2010). 
Undercooling via heat flow out of an igneous body and nucleation delay between cooling and 
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the onset of crystallisation results in the supersaturation of the melt in fluxes and incompatible 
elements (Nabelek et al., 2010; London 2014). Rapid crystallisation and undercooling leads to 
the formation of a boundary layer (Fig. 1.4) of excluded elements ahead of the crystallisation 
growth front by a process called constitutional zone refining (CZR) (London, 2014, 2018) 
 
1.3.4.1. Constitutional zone refining (CZR) 
Constitutional zone refining (CZR) is a process by which incompatible elements (mostly with 
respect to feldspar and quartz) become enriched in the residual liquid of a crystallising 
pegmatite body (London, 2014, 2018). With progressive crystallisation, the solidus of the 
boundary layer is reduced as it becomes enriched in fluxing elements such as F, H, Li, P, B and 
other incompatible elements relative to the bulk melt composition (Fig. 1.4; London, 2005, 
2008). Boundary pile-up of fluxing elements at the crystal growth front forms complexes with 
incompatible elements in the melt resulting in increased size of crystallising phases. This 
process accounts for the giant crystal size and the pronounced enrichment in rare metals in the 
intermediate zones of pegmatites (London, 2014, 2018). CZR is evidenced in fully developed 
zoned pegmatites (Fig. 1.3). Here, the outer zones of a pegmatite body containing graphic 
textures and finely crystalline minerals are dominated by the effects of undercooling while the 
progressively coarser and blocky inner zones result from flux build-up in the boundary layer 
(London, 2009; London and Morgan, 2012). 
 
Fig. 1.4: Schematic diagram illustrating crystal growth, pile-up in the boundary layer, local 
saturation, and fluxed constitutional zone-refining (CZR). The fluxing component (brown 
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atoms) is incompatible with the main crystallising phase (blue and pink atoms) therefore it 
forms complexes or associated species with other incompatible elements (green atoms; from 
London, 2008). 
 
1.3.4.2. Melt-melt immiscibility  
Melt inclusion studies initiated by Thomas et al. (2000) suggest the coexistence of two 
immiscible melt compositions during the crystallisation of pegmatite magmas. One melt is a 
highly viscous, silicate-rich, water-and flux-poor peraluminous melt (type-A) and the second 
is a low viscosity, water-and flux-rich, silicate-poor, (per)alkaline melt (type-B) (Thomas et 
al., 2012). The two melts thus represent conjugate melt fractions resulting from melt-melt 
immiscibility in extremely water-rich parental melts. Although type-A and type-B melts 
coexist, the physical and chemical differences between the melts has a significant influence on 
element partitioning between them (Thomas and Davidson, 2012). 
Thomas et al. (2012) and Thomas and Davidson (2012) concluded that melt-melt immiscibility 
in pegmatites occurs near the crystallisation front and removes the necessity of a fluxed 
boundary layer and constitutional zone refining processes during the crystallisation of a 
pegmatite melt as suggested by London (2009). It is, in fact, the density contrasts between type-
A and type-B melts that may permit their separation under gravity, thus explaining differences 
in the mineralogy, textures and bulk compositions of zoned pegmatites.  
NYF pegmatites from the Orange River pegmatite belt (ORPB) provide an excellent 
opportunity to study the processes involved in their mineralisation and internal evolution. Three 
areas containing complex and simple NYF pegmatites were selected for the purposes of this 
study and an introduction is presented in section 1.4. 
 
1.4. Introduction to the study areas 
The pegmatites investigated in this study form part of the 450 km-long Orange River pegmatite 
belt (ORPB) that intruded the Namaqua Sector of the Mesoproterozoic Namaqua-Natal 
Metamorphic Province (NNMP) in Southern Africa (Fig. 1.5; Hugo, 1970; Schutte, 1972; 
Thomas et al., 1994a, b; Minnaar and Theart, 2006; Ballouard et al., 2020).  The ORPB hosts 
both LCT and NYF pegmatites (Hugo, 1970; Schutte, 1972; Ballouard et al., 2020), however, 
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this study focuses on pegmatites from the NYF-family, which are situated in three areas: 1) 
near Onseepkans, 2) near Kakamas and 3) near Kenhardt (Fig. 1.5). 
 
Fig. 1.5: Map showing a close up of the Northern Cape province with the Orange River 
pegmatite belt (ORPB) (Hugo, 1970; Minnaar and Theart, 2006) crosscutting across numerous 
tectonic domains within the Namaqua Sector of the Namaqua-Natal Metamorphic Province 
(NNMP). Darker shaded area in the Namaqua Sector in enlarged area is the Kakamas Domain 
(Macey et al., 2017). Sampled pegmatites for this study are from the western domain (WD), 
central domain (CD) and eastern domain (ED), marked as green, purple and blue circles 
respectively.  
Because of their geographical spread, the studied NYF pegmatites have been divided into three 
domains, namely, western domain, central domain and eastern domain (Fig 1.5; Electronic 
Appendix-1). Within each domain, the pegmatites are classified into complex and simple 
pegmatites, based on their field appearance including size, zoning and proportion of rare 
element-bearing minerals. Complex pegmatites are defined here as those pegmatites that are 
enriched in REE-U-Th-rich mineral phases, are large in scale in the field (up to tens of meters 
thick) and show a heterogeneous texture. Simple pegmatites are those that contain minor 
concentrations of REE-U-Th-bearing mineral phases, are of smaller scale (up to few meter-
thick) compared to complex pegmatites and mostly show a relatively homogeneous texture.  
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1.5.  Methodology 
Field work for this study took place over a period of three weeks in May 2018. The maps of 
Hugo (1970) were used to obtain geographical coordinates of NYF pegmatites in various areas 
in the Northern Cape using a handheld GPS that uses a decimal degree coordinate system. A 
detailed description of the sampled pegmatites, including GPS coordinates, textures, 
mineralogy and size is provided in Electronic Appendix-1 and a summary of the pegmatites 
sampled in each domain, with GPS coordinates and a brief description is given in Appendix A. 
The sampled localities are shown in Fig. 1.5. A handheld Gamma-Ray Spectrometer was used 
for the detection of Th-U-rich minerals. 
Microscopic studies on thin sections were undertaken using an Olympus BX41 petrographic 
microscope in transmitted and reflected light mode for the identification of major and minor 
mineral phases (Appendix B1), followed by imaging and analysis with a scanning electron 
microscope equipped with an X-ray energy dispersive spectrometer (SEM-EDS). The SEM-
EDS analyses were carried out using a Tescan Vega3 SEM equipped with an Oxford 
Instruments XMax 50 mm2 EDX detector for determining the elemental composition of 
accessory minerals of complex and simple pegmatites. The conditions for BSE imaging were 
20 kV accelerating voltage, 15 mm working distance and a 20 nA beam current. The beam 
intensity used was equal to 13-14 and dead time equal 30-50 % for point and ID analyses on 
the EDS. In semiquantitative EDS analyses, a standardless procedure in the Aztec Software 
(Aztec 2.2. Oxford Instruments Nanotechnology Tools Limited. 2010-2013) was used. 
The CAMECA SX100 Electron probe micro-analyser (EPMA) with four wavelength 
dispersive spectrometers (WDS) was used to carry out quantitative in situ chemical analyses 
on feldspar and micas from complex and simple pegmatites. A 15 kV acceleration voltage, a 
beam diameter of 10 μm and a beam current of 15 nA were used for the analyses of Na, Mg, 
Si, Al, K, P, Ca, Fe, Rb, Cs, Mn and Ti in feldspar. Si, Al, K, Ca, Fe, Rb, Cs, Mn, Ti, F, Na 
and Mg contents were measured in mica using an acceleration voltage of 15 Kv and a beam 
current of 10nA. The beam diameter was defocused to 15 μm to prevent beam damage. 
Analytical conditions of WDS analyses for mica and feldspar including standards, analytical 
lines, diffraction crystals and detection limits are provided in Appendix B2. 
Major, minor and trace elements (7Li, 24Mg, 29Si, 47Ti, 60Ni, 71Ga, 85Rb, 88Sr, 89Y, 93Nb, 133Cs, 
137Ba, 181Ta, 182W and 208Pb) were measured in micas by laser ablation inductively coupled 
plasma mass spectrometry (LA-ICP-MS). The LA-ICP-MS uses an ASI RESOlution SE 193 
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nm Excimer laser ablation system coupled to a Thermo Electron X-Series II Quadrupole based 
ICP-MS. Ablations were done in a Laurin Technic dual-volume cell under a helium atmosphere 
(flow of 0.25 l/min), which was mixed with argon (0.7 to 0.9 l/min) before entering the MC-
ICPMS. The NIST 612 glass (Jochum et al., 2011) was used as a reference material and each 
analysis was normalized using SiO2 contents previously measured by EPMA. Data reduction 
was carried out using the GLITTER® software. The reproducibility and accuracy of the 
corrections were controlled using the BCR-2G glass (Jochum et al., 2009). 
Selected rock samples of complex and simple pegmatites containing monazite, zircon and 
titanite were crushed using a hammer, milled using a tungsten mill and sieved using a 250 μm 
sieve to concentrate the heavy minerals. Monazite, zircon and titanite were handpicked under 
a binocular microscope and embedded in epoxy mounts before being hand polished. Monazite 
(in complex pegmatites) and titanite (in simple pegmatites) were analysed for their U-Pb 
isotopic characteristics in mineral mounts and one polished thin section using a laser ablation 
multi-collector inductively coupled plasma mass spectrometry (LA-MC-ICPMS) which uses 
an ASI RESOlution SE 193 nm Excimer Laser ablation system coupled to a NU Plasma II MC-
ICP-MS, following a procedure similar to Safonov et al. (2018). Ablations were done in a 
Laurin Technic dual-volume cell under a helium atmosphere (flow of 0.25 l/m), which was 
mixed with argon (0.95 l/min) before entering the MC-ICPMS. Data were corrected for 
instrumental drift and mass bias by standard bracketing using the B0109 (1034 ± 10 Ma, Bingen 
et al., 2008) and MKED (1521 Ma, Spandler et al., 2016) for monazite, a titanite crystal (442 
Ma, Elburg et al., 2003) for titanite and 91500 (1065 Ma, Wiedenbeck et al., 1995) for zircon. 
Repeated analyses of the A49H (1878 Ma, Salli, 1983) and A276C (1921 Ma, Y. Lahaya, 
unpublished data) monazite treated as unknown were used to test the reproducibility and 
accuracy of the corrections. Data reduction was carried out with using an in-house data 
reduction program based on VB Excel (see Andersen et al., 2009, for detailed description of 
data treatment), and the Excel add-in Isoplot (v. 4.15; Ludwig, 2001) was used for concordia 
diagram creations, age calculations and probability density plots.   
Detailed results from the above analyses are provided in Electronic Appendix-2, -3, -4 for the 
western, central and eastern domain respectively. Sample preparations and all analyses 
conducted for this study were undertaken at the SPECTRUM analytical facility of the 
University of Johannesburg. 
17 
 
2. GEOLOGICAL BACKGROUND 
2.1. Regional geological setting of the Namaqua-Natal Metamorphic 
Province (NNMP) 
The Mesoproterozoic 1300-1000 Ma (late Kibaran) Namaqua-Natal Metamorphic Province 
(NNMP) is a high-grade tectonic province that stretches from southern Namibia and north-
western South Africa, forming the Namaqua Sector, in the west, towards the Natal Sector in 
the east (South Africa, Fig. 2.1; Thomas et al., 1994a, b; Cornell et al., 2009). The central part 
of the NNMP is not exposed and is buried below Phanerozoic sedimentary and volcanic rocks 
of the Karoo basin. The NNMP forms an 1800 km-long and 400 km wide arcuate metamorphic 
crustal belt surrounding the southern and southwestern margins of the Archean Kaapvaal 
Craton (Fig. 2.1). The NNMP thins in Namibia, paralleling the margins of the unexposed 
Rehoboth Domain before disappearing beneath Kalahari cover rocks (Fig. 2.1; Thomas et al., 
1994a, b; Cornell et al., 2006). The NNMP includes older rocks of Eburnian (2000 Ma) to 
Archean (> 2500 Ma) age (Fig. 2.1). It makes up a small, but significant segment of the global 
network of Late Mesoproterozoic 1350-1050 Ma-old “Grenvillian” belts that were formed 
during a period of continental collision and accretion, during which the supercontinent Rodinia 
was assembled (Hoffman, 1991, 1992; Li et al., 2008). 
The NNMP includes igneous and metamorphic rocks formed or metamorphosed during the 
Namaqua Orogeny between 1300 Ma and 1000 Ma (Cornell et al., 2006). These rocks are 
exposed in KwaZulu-Natal, covering an area of 20 000 square km, referred as the Natal Sector, 
and in the Northern Cape, covering an area of 100 000 square km, referred as the Namaqua 
Sector of the NNMP (Fig. 2.2; Cornell et al., 2006). The Namaqua and Natal Sectors of the belt 
are separated by thick Phanerozoic cover sequences, although published models argue for a 
single continuous Namaqua-Natal Orogen (McCourt et al., 2006). Similar geochronology, 
tectonic history, isotopic dates and evidence from crustal xenoliths from kimberlite diatremes 
in Lesotho, deep borehole drilling and regional gravity surveys, support continuity of the two 







Fig. 2.1: Regional tectonic setting of the 1300-1000 Ma Namaqua-Natal Metamorphic 
Province (NNMP), forming part of the Kibaran Orogens in Southern Africa, and its relationship 
to pre-existing Eburnian and Archaean cratonic blocks. (after Thomas et al., 1994a).  
 
The Natal Sector forms the eastern sector of the NNMP. It lies adjacent to the southern margin 
of the Archean Kaapvaal Craton (Fig. 2.2) and comprises juvenile crust formed by ca. 1200 
Ma island arc system accreted to the Archean Kaapvaal Craton at ca. 1100 Ma (Thomas et al., 




Fig. 2.2: Geological setting of the Namaqua-Natal Metamorphic Province (NNMP) (after 
Cornell et al., 2006). 
 
The Namaqua Sector forms the western part of the belt (Fig. 2.2). It is composed of 
polydeformed and polymetamorphosed granitic gneisses and supracrustal rocks that formed 
during two major tectono-magmatic cycles in the Paleoproterozoic (2050 Ma to 1800 Ma) and 
Mesoproterozoic (1350 Ma to 950 Ma; Clifford et al., 2004; Cornell et al., 2006, 2009; 
Eglington, 2006; Cornell and Pettersson, 2007b; Thomas et al., 2016; Macey et al., 2017, 
2018). The Namaqua Sector hosts the E-W trending, ~ 400 km long Orange River pegmatite 
belt (ORPB; Fig. 2.5), containing > 30 000 individual pegmatites (Hugo, 1970; Schutte, 1972; 
Minnaar and Theart, 2006; Ballouard et al., 2020).  
 
2.2. Namaqua Sector (NS) 
The Namaqua Sector (NS) is subdivided into various tectonostratigraphic subprovinces and 
domains, based on marked changes in the lithostratigraphy, tectonic and metamorphic histories 
across structural discontinuities (Fig. 2.3; Thomas et al., 1994a, b; Macey et al., 2017, 2018).  
From the west to the east, these are the Richtersveld magmatic arc (RMA), Bushmanland 
Subprovince (BSP), Kakamas Domain (KD), the recently recognized Lower Fish River-
Onseepkans Thrust Zone (LFROTZ), Aus Domain (AuD), Areachap Domain (AD), Kaaien 
Domain (KD) and Kheis Subprovince (Fig. 2.3; Thomas et al., 1994a, b; Cornell et al., 2006, 
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Macey et al., 2017, 2018), with the latter two recently combined into the Kheis Terrane (van 
Niekerk and Beukes, 2019) 
Most domains of the Namaqua Sector have experienced deformation at ca. 1200-1100 Ma (D2) 
related to domain juxtaposition, between 1100 and 1000 Ma (D3) associated with large-scale 
folding and lastly between ca. 1005 and 960 Ma, which marks the end of the Namaqua Orogeny 
by dextral deformation along NW-SE vertical faults (D4) (e.g., Pofadder Shear Zone) 
(Lambert, 2013; Diener et al., 2013; Bial et al., 2015a, 2016; Macey et al., 2018). The late 
Namaqua (1005-960 Ma) deformation was synchronous with the emplacement of pegmatites 
of the ORPB from ca. 1040 to 960 Ma (Hugo, 1970; Lambert, 2013; Doggart, 2019; Ballouard 
et al., 2020) and granitic magmatism of the Warmbad Suite in the Pella Domain at ~1 Ga 
(Macey et al., 2015) 
The sampled pegmatites for this study fall within the Kakamas Domain (Fig. 1.5 and Fig. 2.4) 
and a more detailed description of the Kakamas Domain is provided below. The remaining 




Fig. 2.3: Geological map showing the tectonic subdivision of the Namaqua Sector of the Namaqua-Natal Metamorphic Province 
(NNMP) with the outline of the Orange River pegmatite belt (ORPB) across the various tectonic domains. Modified after Doggart 
(2019).  
Abbreviations 
MRPSZ - Marshal Rocks-Pofadder-Shear zone; ESZ – Eureka Shear zone; SSZ - Sperlingsputs Shear Zone; TSZ – Tafelkop Shear Zone; YSZ – Yas Shear Zone; 
NSZ - Narries Shear Zone; NeuSZ - Neusspruit Shear Zone; CSZ - Cnysdas Shear zone; BRSZ - Boven-Rugzeer Shear Zone; TSZ - Trooilapspan Shear Zone; 
BSZ - Brakbosch Shear Zone; WS - Wolfkop Shear Zone; HRT - Hartebees River Thrust; OT - Onseepkans Thrust; GT - Groothoek Thrust; KbT - Kerelbad 
Thrust; DT- ; rT- reactivated D2 Thrust; GeT - Gemsbokvlei Thrust; ScT - Schakalsberg Thrust; SbS - Steenbok Shear Zone. 
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2.2.1. Other Domains and Subprovinces of the Namaqua Sector- west to east 
• Richtersveld magmatic arc (RMA) 
The greenschist to amphibolite-facies Richtersveld magmatic arc (RMA) forms a 200 km wide 
crustal block in the western parts of the Namaqua Sector (Fig. 2.3; Macey et al., 2017). The 
RMA comprises volcano-sedimentary rocks (the Orange River Group) and intrusions (the 
Vioolsdrif Suite) that were initially generated in a Paleoproterozoic island arc setting between 
ca. 1.91 and 1.87 Ga (Macey et al., 2017). The RMA is bound in the west by the Gemsbokvlei 
Thrust, which separates it from the Pan African Gariep Belt (Fig. 2.3). In the east, the Lower 
Fish River-Onseepkans Thrust Zone separates the Richtersveld magmatic arc from the 
Kakamas Domain and the Groothoek Thrust in the south bounds the underlying Bushmanland 
Subprovince (Fig. 2.3; Harris, 1992; Thomas et al., 1994a; Macey et al., 2017). 
The RMA was variably affected by the Namaqua Orogeny and two parts are distinguished 
based on metamorphic grade (Macey et al., 2017). A western part termed the Vioolsdriff 
Domain (Fig. 2.3) consists of greenschist-facies rocks with limited deformation during the 
Namaqua Orogeny. To the east, wrapped around the Vioolsdrif Domain, is the Pella Domain 
(Fig. 2.3), which experienced significant deformation under amphibolite facies with peak 
conditions of ~ 600 °C at 5-6 kbar (Macey et al., 2015, 2017). 
• Bushmanland Subprovince (BSP) 
The Bushmanland Subprovince (BSP) forms the structurally lowermost domain of the 
Namaqua Sector and constitutes the largest crustal block to the south of the Richtersveld 
magmatic arc (Fig. 2.3). It is characterised by upper amphibolite- to upper granulite-facies 
rocks (Macey et al., 2018). In the north, it is separated from the Richtersveld magmatic arc 
(Pella Domain) by the Groothoek Thrust and from the Kakamas Domain in the east by the 
Hartebees River Thrust (Fig. 2.3; Thomas et al., 1994a, b; Cornell et al., 2006; Macey et al., 
2018). The BSP is composed of ca. 1.8 Ga orthogneisses overlain by ca. 1.6 Ga to 1.1 Ga 
metamorphosed and deformed supracrustal rocks, intruded by extensive granitoids and mafic 
igneous rocks from 1230 to 1030 Ma (Robb et al., 1999; Clifford et al., 2004; Cornell et al., 
2009; Eglington, 2006; Macey et al., 2018). The BSP records amphibolite- to granulite-facies 
metamorphism with peak ultra-high temperature conditions of 850-900 °C at 4-6 kbar (Robb 




• Lower Fish River-Onseepkans Thrust Zone (LFROTZ) 
The recently recognized Lower Fish River-Onseepkans Thrust Zone (LFROTZ) forms a wide 
thrust mélange, separating the Richtersveld magmatic arc from the Kakamas Domain (Fig. 2.3; 
Macey et al., 2018). It comprises amphibolite-facies mélange of thrust slices (Macey et al., 
2015) 
• Aus Domain (AuD) 
The granulitic Aus Domain (AuD) is located NW of the Kakamas Domain in Namibia (Fig. 
2.3). It consists of granitoids emplaced between ca. 1120 and 1085 Ma and subordinate 
migmatitic supracrustal gneisses (Macey et al., 2018). Metamorphism and deformation is dated 
between 1065 and 1045 Ma (Diener et al., 2013). 
• Areachap Domain (AD) 
The Areachap Domain (AD) forms a north-northwest trending domain (Fig. 2.3). It consists of 
1.30 Ga to 1.22 Ga arc-generated amphibolite-facies grade supracrustal rocks, intruded by 
younger 1.20 Ga to 1.10 Ga syn-to post-tectonic granitoids of the Augrabies and Keimoes 
suites (Cornell et al., 1992; Cornell and Pettersson, 2007a; Bachmann et al., 2015; Bailie et al., 
2017). In the west, the AD is bounded by the Boven-Rugzeer Shear Zone, which separates it 
from the Kakamas Domain (Fig. 2.3) whereas its eastern boundary with the Kaaien Domain 
and Kheis Province is marked by the Trooilapspan Shear Zone and the Brakbosch Fault (Fig. 
2.3; Moen, 1999). The AD was affected by upper amphibolite- to lower granulite-facies 
metamorphism (780 to 850 °C and 5-6 kbar) at ca. 1.20 Ga and 1.18 Ga, with deformation 
ending at ~ 1110 Ma (Cornell et al., 1992; Cornell and Pettersson, 2007a, b; Moen and 
Toogood, 2007; Bial et al., 2015a, b; Bailie et al., 2017) 
• Kaaien Domain (KiD) 
The greenschist-facies Kaaien Domain (KiD) represents a tectonic transition between the 
eastern Namaqua Sector and the Kheis Subprovince and Kaapvaal Craton (Fig. 2.3; Cornell et 
al., 2006). It is composed of ca. 1.77 Ga metaquartzites, ca. 1.37 Ga to 1.10 Ga bimodal 
volcano-sedimentary rocks and ca. 1.10 Ga granitic intrusions (Van Niekerk, 2006; Bailie et 
al., 2012). The KiD is bounded in the west by the Trooilapspan Shear Zone, separating it from 
the Areachap Domain and in the east, by the Dabep Thrust which separates it from the Kheis 
Subprovince (Fig. 2.3; Thomas et al., 1994a, b; Cornell et al., 2006; Cornelll and Pettersson, 
2007a). Near Upington, the supracrustal rocks and granitoids of the Kaaien Domain are 
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unconformably overlain by a low-grade metamorphic succession of metavolcanics of the Koras 
Group (not shown on Fig. 2.3).  
• Kheis Subprovince 
The Kheis Subrovince borders the Namaqua Sector along its eastern margin (Fig. 2.3). It 
represents a Mesoproterozoic fold and thrust belt that was deformed during the early stages of 
the Namaqua Orogeny (Moen, 1999; van Niekerk, 2006; Moen, 1999; Eglington, 2006). The 
ca. 2000 Ma Kheis Subprovince comprises Palaeoprotorozoic volcano-sedimentary 
supracrustal sequences and Archaean basement rocks (Marydale Terrane; Moen, 1999; 
Thomas et al., 1994a; Cornell et al., 2006). The dominant fabric in the Kheis Subprovince, 
which records deformation and metamorphism is dated between 1900 Ma and 1750 Ma 
(Thomas et al., 1994a; Cornell et al., 1998; Cornell et al., 2006). The eastern limit of the Kheis 
Subprovince is defined by the Kheis Front, which separates it from the Archean Kaapvaal 
Craton. The Dabeep Thrust (Thomas et al., 1994a; Cornell et al., 2006) defines the western 
border of the province, which separates it from the Kaaien Terrane. 
 
2.2.2. Kakamas Domain (KD) 
The Kakamas Domain (KD) is characterised by northwest-trending stratigraphic units and 
structures that extend across South Africa into Namibia (Fig. 2.3). In the west, the KD is thrust 
over the Bushmanland Subprovince and is separated from the Richtersveld magmatic arc by 
the LFROTZ (Fig. 2.3; Macey et al., 2015, 2018). In the east, the KD is separated from the 
Areachap Domain by the Boven-Rugzeer Shear Zone, and in the west, from the Bushmanland 
Subprovince and Richtersveld magmatic arc by the Hartebees River Thrust and from the 
LFROTZ by the Tafelkop Shear Zone (Fig. 2.3; Thomas et al., 1994a; Cornell et al., 2006; 
Macey et al., 2015; 2017).  
The KD is regarded as a low-angle mega-nappe stack that comprises lenticular rafts of 
granulite-facies metasedimentary rocks (1220-1200 Ma) that record peak P-T conditions of 
800-900 °C at 4-5 kbar and were intruded by voluminous early- to late-Namaqua granitoids 
between ca. 1200 Ma and 1080 Ma (Pettersson et al., 2007; Bial et al., 2015a, 2015b, 2016; 
Bailie et al., 2017). The KD was affected by upper amphibolite- to granulite- facies regional 
metamorphism (Cornell et al., 1992) 
In the western parts of the KD, the voluminous magmatism resulted in the intrusion of the 
1230-1180 Ma Eendoorn Suite (Fig. 2.4; Macey et al., 2015). The metasedimentary rocks of 
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the Vyfbeker Metamorphic Suite are situated in the west of the KD, towards the Bushmanland 
Subprovince (Fig. 2.4). Supracrustal rocks in the eastern parts of the KD are dominated by the 
Korannaland Group (Fig. 2.4), with a minimum depositional age of ca. 1170 Ma and later 
affected by metamorphism at ~ 1100 Ma (Fransson, 2008). The Korannaland Group is bounded 
to the west by the Wolfkop Shear Zone, separating it from the Vyfbeker Metamorphic Suite 
(Fig. 2.4). The metasedimentary rocks of the Jacomynspan Group make up the dominant 
supracrustal rocks in the southern parts of the KD (Fig. 2.4; Cornell and Pettersson, 2007a).  
 
Fig. 2.4: Simplified geological map of the Kakamas Domain (after Cornell et al., 2006). Blue 
circles are sampled complex pegmatites (Witkop; Koegab; Sidi-Barrani) and red circles 
represent simple pegmatites (WD-S; CD-S; ED-S). Abbreviations are the same as in Fig. 2.3. 
 
Previously, most of the granitoids in the KD were loosely grouped into the Keimoes Suite 
(Cornell et al., 2006). New U-Pb zircon ages have shown that these granitoids may be 
subdivided into syn-tectonic and post-tectonic groups relative to the main phase of the 
Namaqua Orogeny at 1220-1150 Ma and intensity of gneissic fabric (Bailie et al., 2017). The 
syn-tectonic granitoids forming the Augrabies Suite, were emplaced between 1203 and 1146 
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Ma, whereas post-tectonic granitoids of the Keimoes Suite are 1113 to 1078 Ma old (Bailie et 
al., 2017). Foliated syn-tectonic granitoids of the Augrabies Suite were interpreted to represent 
fractionated, leucogranitic metaluminous to peraluminous magmas (Bailie et al., 2017). The 
weakly foliated to unfoliated late- to post tectonic Keimoes Suite granitoids are strongly 
metaluminous and have high Fe/Mg ratios with high HFSE, LILE and REE contents. They 
have the characteristics of both I-type and A-type granites (Bailie et al., 2017). 
The syn-tectonic granitoids of the Augrabies Suite have εNd(t) values close to 0 (-1.5 to 1.8) 
suggesting a mantle component in these melts. However, a crustal signature is suggested by 
their leucogranitic compositions, enrichment in Rb, K, Th and U and metaluminous to 
peraluminous compositions (Bailie et al., 2017). Nd model ages (TDM = 1.6-1.9 Ga) suggest 
variable degrees of mixing between sources of Meso- and Paleoproterozoic ages of likely arc 
derivation. The post-tectonic Keimoes Suite shows significant enrichments in Pb, Th, U, LREE 
relative to the HREE, and the LILE relative to the HFSE, with depletions in Ba, Nb, Ta, Sr, 
Eu, Ti, Al2O3, V and Sc indicating significant crustal contributions to the source magmas 
(Bailie et al., 2017). εNd(t) values for the Keimoes Suite are also close to zero (-3.0 to 2.8), 
suggesting a variably depleted component, being potentially mantle and/or juvenile lower crust. 
The Nd model ages (TDM = 2.0 Ga) suggest involvement of juvenile, Mesoproterozoic crust as 
well as older, 1.85-2.0 Ga Paleoproterozoic crust (Reid, 1997; Cornell et al., 2012; Thomas et 
al., 2016; Macey et al., 2017). 
 
2.3. Orange River pegmatite belt (ORPB) 
Late-stage strike-slip shearing in the Namaqua Sector was accompanied by the emplacement 
of small intrusions of late-stage granites (Macey et al., 2015; 2018) and regionally widespread 
pegmatites (> 30,000 individual pegmatites) throughout the Namaqua Sector (Hugo, 1970; 
Schutte, 1972; Thomas et al., 1994a; Minnaar and Theart, 2006; Ballouard et al., 2020). The 
Orange River pegmatite belt (ORPB) occurs in the Northern Cape Province of South Africa 
and extends to southern Namibia (Fig. 2.5). It forms an extensive 450 km long and 40-50 km 
wide, west-east trending belt that stretches from the Vioolsdrif-Steinkopf area, in the western 
parts of the Namaqua Sector, through southern Namibia towards Kakamas in South Africa. 
Here the pegmatite belt curves SE towards Kenhardt and Putsonderwater (Fig. 2.5; Hugo, 1970; 





Fig. 2.5: The Orange River pegmatite belt (ORPB). after Minnaar and Theart (2006).  
 
The ORPB formed between ca. 1040 and 960 Ma (Lambert 2013; Doggart, 2019; Ballouard et 
al., 2020), stretching across numerous tectonic domains within the Namaqua Sector of the 
NNMP (Fig. 2.3; section 2.2.1 and 2.2.2 above). The emplacement age of the ORPB confirms 
that the intrusion of the pegmatites represents the final stages of the Namaqua Orogeny (~ 1000 
Ma), which are marked by the development of NW-SE trending vertical structures such as the 
Pofadder Shear Zone (Boelema and Hira, 1998; Macey et al., 2018; Lambert, 2013; Doggart, 
2019). Thus, pegmatite emplacement is at least temporally related to the strike-slip tectonic 
regime active during this time (1040-960 Ma), after peak metamorphism and granitic 
magmatism in the region (Lambert, 2013; Doggart, 2019; Ballouard et al., 2020) 
The pegmatites that make up the ORPB vary in shape and size, from thin veins or dykes to 
irregular bodies reaching up to hundreds of meters in length (Hugo, 1970). The pegmatites are 
regionally zoned with respect to mineralogy and degree of trace element enrichment. The LCT 
pegmatites occur predominantly in the western and eastern extremities, whereas NYF 
pegmatites dominate the central parts of the pegmatite belt (Hugo, 1970; Schutte, 1972). Such 
zoning within the ORPB has been ascribed to being controlled by the composition of the host 
rocks in which the pegmatites occur (Hugo, 1970),  
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The pegmatites vary drastically in composition and internal structure, ranging from unzoned, 
homogeneous (or simple) bodies with quartz-feldspar-muscovite-biotite-bearing assemblages 
to heterogeneous (or complex) zoned bodies that contain, in addition to a common granitic 
mineral assemblage, beryl, lithium-bearing minerals, columbite and pyrochlore-group 
minerals, Bi-bearing minerals, fluorite or rare-earth element (REE)-bearing minerals such as 
gadolinite, euxenite, xenotime, allanite and monazite (Hugo, 1970; Schutte, 1972; Minnaar and 
Theart, 2006; Ballouard et al., 2020). Due to their economic potential, some pegmatites of the 
ORPB were mined since the beginning of the 1900s (Minnaar and Theart, 2006). The mining 
history of the ORPB is discussed below. 
 
2.3.1. Mining history of the ORPB 
High priority is given to the study of pegmatites, such as those of the ORPB, for their potential 
for exploration as these pegmatites host appreciable amounts of rare metals (Li, Ta, Nb, Be, 
Sn, W; Minnaar and Theart, 2006; Chakhmouradian and Wall, 2012). In the ORPB, the most 
economically significant pegmatites belong to the LCT family and are located in the western 
(Steinkopf-Vioolsdrif area) and eastern parts (Kakamas-Kenhardt area) of the belt, whereas the 
pegmatites in the central parts of the belt belong to the less economically significant NYF 
family (Hugo, 1970; Minnaar and Theart, 2006). The pegmatites of the ORPB were first 
exploited in the 1900s when mica was extracted from the Straussheim No. 1 pegmatite on the 
farm N’Rougas Noord 108, between Kakamas and Kenhardt (Boelema and Hira, 1998). In the 
1920s, the price and demand for beryllium increased, resulting in further exploitation of the 
pegmatites. In the late 1940s-1950s, the continued increase in beryllium prices lead to an 
increase in beryl exploitation, until its fall in 1959. Thereafter, the exploitation of other 
minerals such as feldspar, cassiterite, muscovite, spodumene and rare-earth minerals 
commenced. Most of these mineable materials occurred in heterogeneous (complexly zoned) 
pegmatites (Hugo, 1970). 
 
Steinkopf-Vioolsdrif Area 
Numerous LCT pegmatites, predominantly hosted by the Vioolsdrif Suite in the Richtersveld 
magmatic arc, occur in this area (Minnaar and Theart, 2006; Ballouard et al., 2020). The mined 
pegmatites are heterogeneous (or complex) and zoned with varying mineralogy and textures, 
and have been producers of feldspar, mica, beryl, spodumene, tantalite-columbite and Bi-
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bearing minerals (Hugo, 1970; Schutte, 1972; Boelema and Hira, 1998). These include the 
Noumas I pegmatite, located ~ 15 km south of Vioolsdrif that is the largest known heterogenous 
and complex pegmatite in the ORPB (Schutte, 1972). The Noumas I pegmatite (Blesberg Mine) 
was first mined in 1925 for bismuth and later for beryl and columbite group minerals as well 
as spodumene, feldspar and mica (Schutte, 1972). This pegmatite body is currently being re-
evaluated for its Li and Ta mineralisation (Ballouard et al., 2020).  
 
Kakamas-Kenhardt Area 
The LCT pegmatites of this area are largely confined to the Kakamas Domain, between the 
Boven-Rugzeer Shear Zone to the east, and the base of the Hartebees River Thrust in the west 
(Fig. 2.3; Hugo, 1970; Boelema and Hira, 1998, Cornell et al., 2006). These pegmatites host 
economic muscovite, feldspar, beryl, spodumene, tantalite-columbite, cassiterite and Bi-




















3. FIELD OBSERVATIONS 
Fieldwork pertaining to this study involved the sampling of complex and simple NYF 
pegmatites from the Kakamas Domain (Fig. 1.5; Electronic Appendix-1) of the Namaqua 
Sector. Observed field relationships are summarised in this chapter per domain, including 
complex and simple pegmatites (Fig. 3.1). Mineral abbreviations follow Whitney and Evans 
(2010). 
 
Fig. 3.1: Map showing the Orange River pegmatite belt (ORPB; Hugo, 1970; Minnaar and 
Theart, 2006). Complex (blue circles) and simple (red circles) pegmatites sampled in the study 
are from the western domain (WD), central domain (CD) and eastern domain (ED).  
 
3.1. Western domain 
3.1.1. Witkop pegmatite 
In the area near Onseepkans (Fig. 3.2), the NE-SW striking Witkop pegmatite is well exposed 
on a hill, in a series of disused extraction pits. Despite the high degree of heterogeneity, the 
Witkop pegmatite shows a roughly defined zoning and the various zones were sampled for 
purposes of this study. The pegmatite intruded into the 1101 ± 6 Ma Naros Granite of the 
Komsberg Suite (Fig. 3.2; Bial et al., 2015a, b; Macey et al., 2015), which consists of a coarse-




Fig. 3.2: Simplified geological map of the Pella Domain, Lower Fish River Onseepkans-Thrust Zone and the northwestern parts of the Kakamas 
Domain. Blue circle represents the Witkop pegmatite (complex pegmatite) and the red circles are the WD-S-A and WD-S-B pegmatites (simple 
pegmatites). Modified after Doggart (2019).
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The Border zone (Fig. 3.3a, b) occurs at the outermost parts of the Witkop pegmatite and has 
a 40° southwest dipping contact with the granodioritic gneiss country rock, that is marked by 
a variably thick (1 to > 4 cm) biotite-rich zone in contact with the pegmatite (Fig. 3.3a, b). The 
country rock is coarse-grained (1–3 cm), characterised by a gneissic foliation and is composed 
of K-feldspar, plagioclase, quartz, biotite, hornblende and locally clinopyroxene (Fig. 3.3a, b). 
The Border zone contains medium to coarse (1-3 cm) quartz, plagioclase (Fig. 3.3c) and minor 
magnetite and ilmenite. Graphic textures were locally observed. 
 
Fig. 3.3: Border zone of the Witkop pegmatite. (a) Overview of the Border zone, which is in 
contact with a variably thick (1 to > 4 cm) biotite-rich zone hosted in the country rock. (b) is a 
close-up of (a) showing the distinction between the country rock, with the biotite-rich zone and 
the Border zone of the pegmatite. (c) is the hand sample from the Border zone. The black 
rectangle represents the area sampled for thin section studies. 
 
The Core zone I (Fig. 3.4a-c), in the core part of the pegmatite, has a heterogeneous crystal 
size and consists of fine to- medium-grained (0.5-1.5 cm) feldspar and quartz crystals (Fig. 
3.4a-c) and up to 30 cm large biotite sheets with minor muscovite (Fig. 3.4a, b). The biotite 
sheets are intercalated with feldspar (Fig. 3.4b) which locally hosts REE-, Y-, Th- and U-
bearing minerals such as monazite, xenotime and thorite, visible in hand sample (Fig. 3.4c) 




Fig. 3.4: Core zone I of the Witkop pegmatite. (a) Overview of the Core zone I, with 30 cm-
large biotite sheets. (b) A close up of (a) showing the intercalated biotite sheets with minor 
muscovite and feldspar. (c) Hand sample with K-feldspar enclosing biotite and minor 
muscovite. Note the REE-bearing minerals (monazite, xenotime and thorite) hosted mostly in 
K-feldspar. The black rectangle represents the area sampled for thin section studies. 
 
Core zone II occurs less than ~ 3 m from Core zone I. It occurs as a coarse-grained (> 3 cm) 
zone and contains biotite, quartz, feldspar and subordinate muscovite (Fig. 3.5a, b). Graphic 




Fig. 3.5: Core zone II of the Witkop pegmatite. (a) Field appearance of the zone  and (b) hand 
sample with quartz and feldspar. The black rectangle represents the area sampled for thin 
section studies.    
                                                     
Simple Pegmatites 
Two pegmatites in the area near Onseepkans were selected as representatives of simple 
pegmatites from the western domain (Fig. 3.2): western domain-simple-A pegmatite (WD-S-
A pegmatite) and western domain-simple-B pegmatite (WD-S-B pegmatite). These pegmatites 
are ~ 50 m apart and have differing orientations. Similar to the Witkop pegmatite, the simple 
pegmatites intruded into the 1101 ± 6 Ma Naros Granite of the Komsberg Suite (Fig. 3.2; Bial 
et al., 2015a, b; Macey et al., 2015). 
 
3.1.2. WD-S-A pegmatite 
The WD-S-A pegmatite strikes NE-SW and dips ~ 45° towards the northwest. It is ~ 3 m thick 
and intruded parallel to the foliation of the granodioritic gneiss country rock (Fig. 3.6a). The 
country rock is heavily weathered to a brown colour, is coarse-grained (1–3 cm) and composed 
of K-feldspar, plagioclase, quartz, biotite, hornblende and locally clinopyroxene (Fig. 3.6b, c). 
The pegmatite has a variable crystal size, ranging from 0.2 cm and up to 60 cm. The WD-S-A 
pegmatite consists of a marginal zone with quartz, feldspar, muscovite and minor biotite 
followed by a predominantly quartz-rich core (Fig. 3.6a, d, e). Locally, the marginal zone hosts 
a sub-zone consisting of feldspar, quartz and fine-grained (< 0.2 cm) muscovite flakes that 
hosts REE-, Y-, Th- and U-rich minerals such as polycrase, euxenite and thorite (Fig. 3.6e) 




Fig. 3.6: (a) WD-S-A pegmatite with a roughly defined marginal zone and quartz core. (b) 
Foliated granodioritic gneiss country rock. (c) Contact of the country rock with the 45° dipping 
pegmatite. (d) Contact between the quartz core and marginal zone. (e) Sub-zone of the marginal 
zone with detectable radioactivity. 
 
3.1.3. WD-S-B pegmatite 
The WD-S-B pegmatite is a NW-SE trending pegmatite, with a thickness of ~ 1.5 m (Fig. 3.7a). 
The pegmatite cross-cuts the orange-brown weathered granodioritic gneiss country rock and 
has sharp, but irregular contacts, dipping 70⁰ towards the southwest (Fig. 3.7a, b, c). The 
pegmatite is coarse-grained (> 2 cm) and is composed of quartz, feldspar, biotite, minor 
muscovite (Fig. 3.7d) and accessory minerals such as magnetite, zircon, ilmenite and, to a lesser 




Fig. 3.7: (a) ~ 1 m WD-S-B pegmatite in contact with the country rock. (b) 70⁰ easterly dipping 
contact of the pegmatite with the country rock. (c) Weathered and foliated granodioritic gneiss 
country rock. (d) Close-up of the WD-S-B pegmatite with quartz, muscovite, biotite, feldspar. 
 
3.2. Central domain 
3.2.1. Koegab pegmatite 
The Koegab pegmatite is exposed in a quarry, southeast of the Kakamas area (Fig. 3.8). The 
pegmatite belongs to a swarm of pegmatite dykes mostly striking NW-SE and intruded into 
mafic igneous rocks belonging to the 1.2 to 1.8 Ga Vyfbeker Metamorphic Suite, composed of 
a heterogeneous biotite-rich succession, known as the Kenhardt Migmatite (Hugo, 1970; 
Cornell et al., 2006; Fransson, 2008). This up to 20 m-thick pegmatite mostly consists of blocky 
feldspar and, commonly, rose quartz. Additionally, tourmaline-, biotite- and monazite-rich 
zones containing variable proportions of muscovite occur within the pegmatite (Fig. 3.9a). 
There is no apparent link between the spatial distribution of the identified zones and their 
relative distance from the contact with the host rock. This precludes the use of the terminology 
classically used for pegmatite zone description (e.g., London, 2008; Fig. 1.3). The identified 




Fig. 3.8: Simplified geological map of the Kakamas, Areachap and Kaaien Domains. Blue circle represents the Koegab pegmatite (complex 





The Biotite zone is characterised by the dominance of biotite crystals covering an area of ~ 2 
m. The Biotite zone consists of large 5 to 10 cm biotite crystals with feldspar and minor quartz 
and muscovite (Fig. 3.9b). 
The Monazite zone (Fig. 3.9c, d) is characterised by the presence of 0.5 to 1.5 cm green 
monazite crystals along with smoky quartz, feldspar and muscovite (Fig. 3.9d). The monazite 
is hosted in feldspar along with minor of muscovite (Fig. 3.9d). 
The Tourmaline zone is separated from the Monazite zone by a 20 cm-thick zone consisting 
of feldspar, quartz and muscovite (Fig. 3.9c and Fig. 3.10a, b). The Tourmaline zone is 
characterised by the presence of 1 to 30 cm-long tourmaline crystals hosted in an assemblage 
of feldspar, quartz and muscovite (Fig. 3.9a).  
 
Fig. 3.9: Koegab pegmatite: (a) Large-scale view of the local zonation observed. (b) Biotite 
zone with biotite, feldspar, quartz and muscovite. (c) Monazite and Tourmaline zones. 
Tourmaline zone is characterised by the dominance of large (up to 30 cm) tourmaline crystals. 
(d) The Monazite zone, characterised by green monazite hosted in feldspar along with smoky 
quartz, feldspar and muscovite. (e) Irregularly shaped Replacement body zone, permeating an 
assemblage of quartz and feldspar. (f) Close-up of (e) showing the ~ 50 cm thick Replacement 
body zone, composed of muscovite and biotite in a fine-grained groundmass. 
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Field observations indicate that the Monazite and Tourmaline zones may have formed during 
the same crystallization sequence comprising (1) a 10-cm thick layer of smoky quartz, (2) a 1 
to 2 cm-thick layer of monazite, (3) a ~20 cm-thick muscovite-bearing layer followed by (4) a 
up to 1 m-large layer with radiating tourmaline with muscovite and feldspar (Fig. 3.10a, b). 
The long axis of muscovite, monazite and especially tourmaline are generally perpendicular or 
slightly oblique to the layering, and the thickness and length of tourmaline crystals increase 
moving outward from the monazite zone (Fig. 3.10b).  
 
Fig. 3.10: Monazite and Tourmaline zones. (a) Field observation of the relationship between 
the Monazite and Tourmaline zones. (b) Schematic diagram of (a) showing the progressive 
crystallisation from the smoky quartz, to monazite, to muscovite and tourmaline. 
 
The Replacement body zone corresponds to a 50 cm to 1 m-thick and irregularly shaped 
aggregate of micas, including biotite and muscovite, permeating an assemblage of quartz and 
feldspar (Fig. 3.9e, f).  
 
Simple Pegmatites 
Three simple pegmatites outcropping in two small quarries, southwest of Kakamas and hosted 
by the 1156 ± 8 Ma old Riemvasmaak Gneiss of the Augrabies Suite (Fig. 3.8; Pettersson, 
2008), were selected as representatives of simple pegmatites in the central domain: (1) central 
domain-simple-A pegmatite (CD-S-A pegmatite), (2) central domain-simple-B pegmatite (CD-
S-B pegmatite) and (3) central domain-simple-C pegmatite (CD-S-C pegmatite). 
 
3.2.2. CD-S-A pegmatite 
The CD-S-A pegmatite is a ~ 6 cm thick pegmatitic vein hosted in a felsic migmatitic 
orthogneiss composed of quartz, feldspar and biotite belonging to the Riemvasmaak Gneiss 
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(Pettersson, 2008; Fig. 3.11a). The pegmatite is medium-grained (0.5-1 cm) and comprises a 
biotite-rich border and a quartz- and feldspar-rich core (Fig. 3.11a) with variable amounts of 
accessory minerals such as titanite, ilmenite, magnetite and zircon (Chapter 4). The pegmatitic 
vein occurs parallel to the foliation of the host orthogneiss (Fig. 3.11a). 
 
3.2.3. CD-S-B pegmatite 
The CD-S-B pegmatite is a slightly altered, ~ 60 cm-thick homogeneous and sub-concordant 
pegmatite dyke occurring ~ 3 m away from CD-S-A (Fig. 3.11b). The pegmatite is medium-
grained (0.5-1.5 cm) and composed of quartz and feldspar, with subordinate amounts of 
amphibole and variable amounts of accessory minerals such as fluorapatite, magnetite, titanite 
and ilmenite (Chapter 4). The contact of the pegmatite with the Riemvasmaak gneiss country 
rock is gradational and poorly defined (Fig. 3.11b). The gneiss is composed of quartz, feldspar, 
biotite, and amphibole and is slightly migmatized. 
 
3.2.4. CD-S-C pegmatite 
The CD-S-C pegmatite is a ~ 30 cm-thick and deformed (folded) pegmatite dyke that is sub-
concordant to the foliation of the orthogneiss country rock (Fig. 3.11c). The pegmatite is fine- 
to medium-grained (0.2 to 1.5 cm) and is composed of quartz, feldspar and chloritized biotite 
(Fig. 3.11c) with accessory minerals such as titanite, ilmenite, zircon and monazite 
(La)(Chapter 4). The pegmatite has sharp contacts with the foliated Riemvasmaak gneiss 
country rock (Fig. 3.11c). This pegmatite occurs 300 m north from CD-S-A and CD-S-B 
pegmatites. 
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Fig. 3.11: Selected simple pegmatites in the central domain hosted by the Riemvasmaak 
Gneiss. (a) ~ 6 cm thick CD-S-A pegmatitic vein. Note the biotite-rich margin and quartzo-
feldspathic core of the pegmatite. (b) ~ 60 cm-thick homogeneous and sub-concordant CD-S-
B pegmatite. (c) ~ 30 cm-thick and folded CD-S-C pegmatite dyke. 
 
3.3. Eastern Domain  
Complex pegmatites 
Two locations, ~ 3 km apart, were sampled to represent complex pegmatites in the eastern 
domain. The pegmatites intruded mafic igneous rocks belonging to the 1.2 to 1.8 Ga Vyfbeker 
Metamorphic Suite (Fig. 3.12) and occur to the southeast of Kenhardt (Fig. 3.12). These 
heterogenous pegmatites are exposed in two quarries and no systematic zoning was noticed. 
 
3.3.1. Sidi-Barrani pegmatite-1 
The Sidi-Barrani pegmatite-1 forms a ~ 10 m-large lens-like body that strikes NW-SE. It is 
a coarse-grained pegmatite mostly composed of blocky feldspar, rose quartz and biotite (Fig. 
3.13a). Locally, the biotite is interlayered with feldspar, covering an area of ~ 2 m with variable 
accessory minerals (Fig. 3.13a; Chapter 4). Rarely, the occurrence of ~ 0.5 cm brown-black 









Fig. 3.12: Simplified geological map of the Kakamas, Areachap and Kaaien Domains. Blue circles represent the Sidi-Barrani pegmatites (complex 
pegmatite) and the red circles are the ED-S-A and ED-S-B pegmatites (simple pegmatites). Modified after Doggart (2019).
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3.3.2. Sidi-Barrani pegmatite-2 
The Sidi-Barrani pegmatite-2 is a ~ 10 m-thick dyke, striking NNW-SSE, mostly composed 
of coarse-grained feldspar, quartz, and biotite. Locally, feldspar hosts 0.2-0.4 cm-thick veinlets 
of magnetite (white arrows in Fig. 3.13c). Above and below the magnetite veinlets, variably 
sized (0.1-0.5 cm) black euxenite is identified (yellow arrows) (Fig. 3.13c) 
 
Fig. 3.13: Sidi-Barrani pegmatites. (a) Sidi-Barrani pegmatite-1 showing an interlayering 
between biotite and feldspar. (b) Occurrence of brown-black xenotime crystals hosted in 
feldspar in the Sidi-Barrani pegmatite-1. (c) Sidi-Barrani pegmatite-2. Magnetite veinlets 
(white arrows) spatially associated with euxenite (yellow arrows). 
 
Simple Pegmatites 
Two simple pegmatites were selected as representatives of simple pegmatites in the eastern 
domain: (1) eastern domain-simple-A pegmatite (ED-S-A pegmatite), (2) eastern domain-
simple-B pegmatite (ED-S-B pegmatite). The pegmatites crop out in small (~ 3 m) and shallow 
(~ 1-2 m) quarries and are hosted by the Korannaland Group, which is characterised by several 
supracrustal lithologies with a minimum depositional age of ~ 1166 Ma (Fig. 3.12; Cornell et 
al., 2006; Fransson, 2008). Poor outcropping conditions prevented the observation of the 




3.3.3. ED-S-A pegmatite 
The ED-S-A pegmatite is composed of coarse-grained (1-4 cm) quartz, muscovite and feldspar 
(Fig. 3.14a, b). A loose boulder containing quartz and feldspar hosting a vein of variably sized 
oxide minerals (Chapter 4) was sampled (Fig. 3.14a). 
 
3.3.4. ED-S-B pegmatite 
The ED-S-B pegmatite is coarse-grained and composed of feldspar, smoky quartz, muscovite 
and accessory magnetite (Fig. 3.14c).           
    
Fig. 3.14: Selected hand samples from simple pegmatites in the eastern domain (a) Hand 
sample from the ED-S-A pegmatite containing quartz and feldspar hosting a vein of accessory 
minerals such as ilmenite, titanite, fluorite and barite (b) Feldspar and muscovite from the ED-
S-A pegmatite. (c) ED-S-B pegmatite with quartz, feldspar and muscovite. The black 














The majority of pegmatites from the western, central and eastern domains are characterised by 
major and minor mineral phases such as quartz, feldspars, biotite, muscovite and/or sericite. 
Accessory mineral phases include titanite, barite, apatite, thorite and zircon, amongst others. 
Rare-earth element bearing (REE) minerals are documented and include euxenite, monazite 
and xenotime, which are known to be characteristic minerals of NYF pegmatites (Černý and 
Ercit, 2005). The detailed mineralogical composition of micas and feldspar is given in Chapter 
5. 
Mineralogical studies were conducted using a conventional optical microscope on 
representative samples that were collected from the different zones of complex pegmatites and 
from simple pegmatites. Accessory minerals occurring in the pegmatites were characterised 
using back-scattered electron (BSE) images and energy dispersive X-ray spectrometry (EDS) 
analyses. Mineral abbreviations follow Whitney and Evans (2010). 
 
4.1. Western domain  
4.1.1. Witkop pegmatite 
a) Major and minor mineral petrography 
The Witkop pegmatite is mainly composed of quartz, plagioclase, K-feldspar, muscovite and 
biotite with minor oxide minerals such as magnetite and ilmenite, accessory zircon and REE-
bearing minerals (section b)  
The Border zone is weathered and is largely composed of quartz, muscovite and plagioclase 
(Fig. 4.1a, b). This zone hosts > 2 mm quartz crystals (Fig. 4.1a). Muscovite mostly occurs 
along altered plagioclase twin planes (Fig. 4.1b). 
Core zone I is mainly composed of biotite, K-feldspar and muscovite. Muscovite mostly 
occurs as fine crystals along biotite cleavages (Fig. 4.1c-e) or randomly orientated 200 to 400 
µm large crystals within biotite (Fig. 4.1d). K-feldspar commonly encloses the biotite sheets 
(Fig. 4.1c-e). This zone hosts the highest proportion of REE-bearing minerals among all the 
zones of the Witkop pegmatite (see section b for a detailed description of the minerals). 
Core zone II consists of plagioclase, K-feldspar, quartz, muscovite and rare biotite (Fig. 4.1f-
g). Muscovite generally occurs as ~ 1 mm-large crystals within quartz (Fig. 4.1g) and locally 
occurs as fine alterations of plagioclase (Fig. 4.1f). Quartz is mostly observed as subhedral 
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crystals inside plagioclase (Fig. 4.1h). Microcline locally occurs as < 1 mm diameter anhedral 
crystals enclosed in plagioclase (Fig. 4.1h) 
 
Fig. 4.1: Selected photomicrographs of samples from the Witkop pegmatite in the western 
domain. All images are taken under crossed polars (XPL) except (e) and (g), which are taken 
under plane-polarised light (PPL). (a) Border zone which hosts quartz occurring inside 
plagioclase and (b) occurrences of muscovite between plagioclase twin planes. (c-e) Core zone 
I. (c) K-feldspar enclosing biotite sheets with minor muscovite found along the cleavage planes 
of biotite (d) 200 - 400 µm muscovite crystals within biotite, alongside the muscovite found in 
the cleavage planes of biotite. (e) ~ 2 mm large REE-bearing minerals such as monazite, 
xenotime and thorite within K-feldspar. (f-h) Core zone II. (f) Biotite, quartz, muscovite, 
plagioclase. (g) Quartz and coarse-grained muscovite. (h) < 1 mm K-feldspar crystal in 
plagioclase.  
 
b) Accessory mineral petrography  
The Border zone is characterised by the occurrence of magnetite (Fig. 4.2a) and fluorite (Fig. 
4.2b). Magnetite shows homogeneous to patchy textures with local ilmenite exsolutions (Fig. 
4.2a). One ~ 60 µm fluorite crystal was found in the Border zone (Fig. 4.2b). 
Core zone I hosts the majority of the REE-bearing minerals in this pegmatite, some of which 
were visible in the field (see Chapter 3). Monazite-(Ce) is the dominant REE-bearing mineral 
and occurs as > 1 mm-large crystals (Fig. 4.2c). The crystals are characterised by homogeneous 
textures and commonly contain inclusions of thorite and xenotime-(Y) (Fig. 4.2c). Apart from 
forming inclusions in monazite-(Ce), xenotime-(Y) also occurs as large (up to 3 mm) crystals 
hosting thorite and rarely zircon inclusions (Fig. 4.2d-e). The prism-shaped zircon inclusions 
have radiating fractures from the crystal outwards to the host xenotime-(Y) crystal (Fig. 4.2d). 
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Magnetite is the only oxide mineral present in Core zone I and it occurs as overgrowths on 
xenotime-(Y) (Fig. 4.2d).  
Core zone II is characterised by the occurrence of xenotime-(Y) and zircon with minor thorite, 
betafite (Ti-rich member of the pyrochlore group) and barite (Fig. 4.2f-h). Zircon occurs as 
irregularly shaped, spongy to homogeneous textured crystals that are commonly intergrown 
with xenotime-(Y), monazite-(Ce) and locally betafite (Fig. 4.2f, g). Xenotime-(Y) crystals 
commonly contain inclusions of thorite (Fig. 4.2f). One betafite crystal has a texturally 
homogeneous centre and a fractured rim (Fig. 4.2f). Minor monazite-(Ce) occurs in this zone 
and is altered with a spongy texture (Fig. 4.2g). The uncommon occurrence of barite is noted 
along cracks of quartz and feldspar (Fig. 4.2h).  
 
Fig. 4.2: Selected BSE images of accessory minerals of samples from the Witkop pegmatite in 
the western domain. (a) Magnetite with exsolved ilmenite from the Border zone. (b) Fluorite 
crystal in the Border zone. (c) Monazite-(Ce) crystal from the Core zone I with thorite and 
xenotime-(Y) inclusions and zircon along the crystal border of monazite-(Ce) (d) Close-up 
image of xenotime-(Y) from the Core zone I, with thorite and zircon inclusions. Note the 
heavily fractured magnetite occurring as overgrowths on xenotime-(Y). (e) Xenotime-(Y) 
crystal from the Core zone I with globular thorite inclusions. (f) Intergrowth of betafite, zircon 
and xenotime-(Y) (with thorite inclusions) from the Core zone II. (g) Intergrowth of xenotime-
(Y), monazite-(Ce), zircon and thorite from the Core zone II. (h) Rare barite between quartz 




4.1.2. WD-S-A pegmatite 
a) Major and minor mineral petrography 
The WD-S-A pegmatite is composed of quartz, muscovite and/or sericite, K-feldspar and 
plagioclase (Fig. 4.3a-d). Quartz occurs as anhedral crystals intergrown with plagioclase giving 
the pegmatite a graphic texture (Fig. 4.3a). Plagioclase is locally altered to sericite (Fig. 4.3b) 
but also occurs as unaltered crystals in some parts of the pegmatite (Fig. 4.3c, d). K-feldspar 
occurs as anhedral and variably sericitized crystals (Fig. 4.3c). Muscovite occurs as medium- 
to fine-grained crystals in plagioclase, probably as an alteration product (Fig. 4.3c) or partially 
replacing plagioclase and occurring as overgrowths on magnetite (Fig. 4.3d).  
 
b) Accessory mineral petrography  
The WD-S-A pegmatite contains polycrase-(Y), euxenite-(Y), scheelite, thorite, zircon, 
ilmenite and magnetite (Fig. 4.4a-d). Up to 2 mm-large polycrase-(Y) crystals commonly 
contain patchy textured scheelite inclusions that range in size from 0.5 mm to 1 mm (Fig. 4.4a). 
Locally, euxenite-(Y) occurs as individual crystals that are heavily fractured with a light grey 
core [Nb rich-euxenite-(Y)] and dark grey rim [Ti rich-polycrase-(Y)] (Fig. 4.4b). Anhedral 
zircon is commonly intergrown with sub-rounded thorite crystals with a patchy center (Fig. 
4.4c). Magnetite occurs as sub-rounded and fractured crystals that are overgrown by anhedral 








Fig. 4.3: Representative photomicrographs of samples from simple pegmatites in the western 
domain. All images are in XPL. (a-d) Mineral components of the WD-S-A pegmatite. (a) 
Graphic intergrowth of quartz and plagioclase. (b) Plagioclase locally altered to sericite. (c) 
Anhedral K-feldspar in quartz alongside variably sericitized plagioclase. (d) Muscovite 
partially replacing plagioclase and occurring as overgrowths on magnetite (e-g) WD-S-B 
pegmatite consisting of quartz, muscovite, plagioclase and biotite. (e) Graphic intergrowth of 
quartz and plagioclase. (f) Interstitial biotite with quartz, plagioclase and muscovite. (g) Close-
up image of (f) showing the occurrence of muscovite along the crystal boundary of biotite.  
 
4.1.3. WD-S-B pegmatite 
a) Major and minor mineral petrography 
The WD-S-B pegmatite contains quartz, biotite, muscovite and plagioclase (Fig. 4.3e-g). 
Quartz occurs as > 2 mm subhedral to anhedral crystals (Fig. 4.3e) with graphic textures of 
quartz and plagioclase. One biotite crystal with a size of ~ 4 mm was observed in this pegmatite 
(Fig. 4.3f, g). Biotite is altered along the cleavage and is interstitial to quartz and plagioclase 
(Fig. 4.3f). Muscovite occurs as an inclusion in plagioclase (Fig. 4.3e) or as fine crystals along 
the crystal boundary of biotite (Fig. 4.3g).  
 
b) Accessory mineral petrography  
The WD-S-B pegmatite is characterised by the occurrence of xenotime-(Y), zircon, monazite-
(Ce) and magnetite (Fig. 4.4e-f). Xenotime-(Y) is characterised by a patchy texture and is either 
found intergrown with zircon or as isolated crystals (Figs. 4.4e and 4.4h). Monazite-(Ce) occurs 
as small (~10 µm) crystals, which are intergrown with anhedral zircon (Fig. 4.4f). Magnetite 




Fig. 4.4: Selected BSE images of accessory minerals of samples from simple pegmatites in the 
western domain. (a-d) WD-S-A pegmatite and (e-h) WD-S-B pegmatite. (a) Polycrase-(Y) with 
patchy scheelite inclusions. (b) Light grey Euxenite-(Y) crystal overgrown by dark grey 
polycrase-(Y). (c) Intergrowth of zircon and thorite. (d) Sub-rounded magnetite with a zircon 
inclusion overgrown by ilmenite (e) Patchy xenotime-(Y) intergrown with zircon. (f) 
Intergrowth of monazite-(Ce) and zircon. (g) Magnetite (h) Altered xenotime-(Y).  
 
4.2.  Central domain  
4.2.1. Koegab pegmatite 
a) Major and minor mineral petrography 
The Koegab pegmatite mostly consists of quartz, biotite, K-feldspar, plagioclase, muscovite 
and/or sericite, tourmaline and monazite.  
 The Replacement body zone is heavily altered (Fig. 4.5a, b). The collected samples are friable 
and the unidentified pre-existing material was altered to form the now fine-grained groundmass 
identified as sericite by means of a SEM-EDS (Fig. 4.5a). Muscovite and chloritized biotite are 
commonly found along pre-existing cleavages (Fig. 4.5b).  
The Biotite zone is composed predominantly of biotite, quartz, K-feldspar and plagioclase 
(Fig. 4.5c-f). Muscovite and/or sericite and K-feldspar only occur as minor phases in this zone. 
The biotite crystals vary in size from 0.5 mm to > 2 mm (Fig. 4.5c, e). Plagioclase is commonly 
sericitized (Fig. 4.5f). Large plagioclase (~ 6 mm) crystals tend to be poikilitic, containing up 
to ~ 500 µm long anhederal K-feldspar crystals, which are orientated with their long axis 
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perpendicular to the plagioclase twinning planes (Fig. 4.5d). Muscovite partially replaces 
biotite (Fig. 4.5c, e) or locally occurs as fine-grained flakes along the crystal boundaries of 
biotite (Fig. 4.5f). 
The Monazite zone comprises monazite crystals, K-feldspar, quartz, and minor muscovite 
(Fig. 4.5g-i). Monazite occurs as large (> 6 mm) fractured crystals (Fig. 4.5g-i). Muscovite 
occurs as overgrowths on monazite, partially replacing K-feldspar (Fig. 4.5h). K-feldspar 
occurs as inclusions in monazite (Fig. 4.5h, i).  
The Tourmaline zone is composed of tourmaline, muscovite, K-feldspar and quartz (Fig. 4.5j-
l). The tourmaline crystals range in size, from 1 mm to > 2mm (Fig. 4.5j-l). K-feldspar is 
partially replaced by euhedral to subhedral muscovite and tourmaline crystals (Fig.4.5 k). The 
muscovite varies in size, from < 1 mm to > 8 mm (Fig. 4.5l).  
 
Fig. 4.5: Photomicrographs of samples from the different zones of the Koegab pegmatite in the 
central domain. All images are in XPL except (b), (g) and (j), which are taken in PPL. (a) 
Sericitized groundmass of the Replacement body zone. (b) Chloritized biotite and muscovite 
in the Replacement body zone. (c-f) Biotite zone. (c) Muscovite partially replacing biotite. (d) 
K-feldspar inclusions in plagioclase. (e) Muscovite overgrowth on plagioclase. (f) Sericitized 
plagioclase with muscovite along biotite crystal boundary (g-i) Monazite zone. (g) Monazite, 
quartz, muscovite and K-feldspar. (h) Muscovite occurring as overgrowths on monazite, 
partially replacing K-feldspar (i) K-feldspar inclusions in monazite. (j-l) Tourmaline zone. (j) 
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Tourmaline with quartz inclusions (k) Muscovite and tourmaline partially replacing K-
feldspar. (l) Muscovite showing a variable crystal size. 
b) Accessory mineral petrography  
The accessory minerals described here were observed in the Biotite and Monazite zones. No 
accessory minerals were observed in the Replacement body and Tourmaline zones. The Biotite 
zone is characterised by the occurrence of fluorapatite and zircon (Fig. 4.6a, b). Fluorapatite 
has a homogeneous texture and occurs as ~ 2.5 mm crystals (Fig. 4.6a). Zircon occurs as 
euhedral to subhedral crystals in biotite (Fig. 4.6b). The Monazite zone is characterised by the 
dominance of texturally homogeneous and > 3 mm-large monazite-(Ce) crystals (Fig. 4.6c, d). 
Monazite-(Ce) locally hosts a ~ 2 mm, irregularly shaped apatite inclusion (Fig. 4.6c) and is 
locally intergrown with patchy textured xenotime-(Y) and zircon with thorite inclusions (Fig. 
4.6d). 
 
Fig. 4.6: BSE images of accessory minerals of samples from the different zones of the Koegab 
pegmatite in the central domain. (a-b) Images from the Biotite zone; (c-d) Images from the 
Monazite zone. (a) Homogenous fluorapatite crystal. (b) Euhedral to subhedral zircons. (c) 
Large monazite-(Ce) with an apatite inclusion. (d) Intergrowth of monazite-(Ce), xenotime-
(Y) and zircon with minor thorite inclusions.  
 
4.2.2. CD-S-A pegmatite 
a) Major and minor mineral petrography 
The CD-S-A pegmatite occurs as a centimetre-sized (~ 6 cm) pegmatitic vein composed of 
biotite, quartz, K-feldspar, plagioclase, with minor amphibole and titanite (Fig. 4.7a-d), hosted 
in a migmatitic felsic orthogneiss, which is dominated by quartz, K-feldspar, plagioclase and 
biotite (Fig. 4.7a (red area), b). The pegmatite vein is characterised by a ~ 2 mm-thick biotite-
rich border with subordinate amphibole crystals and minor titanite (Fig. 4.7a, c) which 
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separates it from the host orthogneiss. The core of the pegmatite vein is dominated mostly by 
K-feldspar and quartz (Fig. 4.7d). 
 
b) Accessory mineral petrography  
The main oxide minerals in the CD-S-A pegmatite are magnetite and ilmenite (Fig. 4.8a, b). 
Accessory titanite, zircon and thorite are also present (Fig. 4.8a-c). Anhedral magnetite (light 
grey in BSE images) is commonly overgrown by anhedral titanite (dark grey) (Fig. 4.8a, b). 
Ilmenite lamellae are locally observed in magnetite (Fig. 4.8a. b). Zircon is commonly 
associated with biotite along with the rare occurrence of thorite (Fig. 4.8c). 
 
Fig. 4.7: Representative photomicrographs of samples from the three simple pegmatites in the 
central domain. All images are in XPL except (e) and (i), which are taken in PPL. (a-d) CD-S-
A pegmatite with biotite, quartz, plagioclase, K-feldspar, minor amphibole and titanite. (a) 
Contact of the biotite-rich border of the pegmatite vein with the orthogneiss host rock (marked 
by red dashed line) (b) Migmatitic orthogneiss host rock consisting of quartz, biotite and K-
feldspar. (c) Amphibole and titanite in the biotite-rich border close to the contact with the 
orthogneiss. (d) Abundant quartz and K-feldspar from the core of the pegmatite vein. (e-h) 
Altered CD-S-B pegmatite. (e) Chlorite occurring along the boundaries of K-feldspar and 
sericite. (f) Assemblage of K-feldspar, chloritized biotite, plagioclase, sericite and quartz. (g) 
Myrmekitic intergrowth. (i-k) Heavily altered CD-S-C pegmatite. (i) Ilmenite and titanite 
overgrown by chloritized biotite. (j) K-feldspar, plagioclase, sericite, quartz, chloritized biotite 
and titanite. (K) Coarse-grained quartz occurring with K-feldspar.   
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4.2.3. CD-S-B pegmatite 
a) Major and minor mineral petrography 
The CD-S-B pegmatite is dominated by quartz, plagioclase and K-feldspar, biotite and sericite 
with minor amphibole and titanite (Fig. 4.7e-h). This pegmatite is highly altered, shown by the 
chloritization of biotite, which occurs mostly along the boundaries of K-feldspar crystals (Fig. 
4.7e, f). Plagioclase is sericitized (Fig. 4.7e). Myrmekite intergrowths occur along the crystal 
boundaries of K-feldspar and plagioclase (Fig. 4.7g). Anhedral K-feldspar occurs with quartz 
(Fig. 4.7h).  
 
b) Accessory mineral petrography  
The CD-S-B pegmatite contains zircon, magnetite, ilmenite, titanite and fluorapatite (Fig. 4.8d-
f). Zircon occurs as subhedral crystals (Fig. 4.8d). Anhedral magnetite crystals are commonly 
overgrown by titanite with the occasional exsolution of ilmenite within magnetite (Fig. 4.8e). 
Magnetite also occurs as irregularly shaped crystals commonly found associated with texturally 




Fig. 4.8: Selected BSE images of accessory minerals of samples from simple pegmatites in the 
central domain. (a-c) CD-S-A pegmatite. (d-f) CD-S-B pegmatite. (g-i) CD-S-C pegmatite. (a) 
Titanite overgrowth on magnetite. Note ilmenite lamellae that occur within magnetite. (b) Sub-
rounded and fractured magnetite overgrown by titanite with ilmenite exsolution near the 
magnetite crystal boundary. (c) Zircon and rare thorite included in biotite. (d) Patchily zoned 
zircon. (e) Anhedral and fractured magnetite with ilmenite exsolution, overgrown by titanite. 
(f) Magnetite intergrown with rare fluorapatite along the crystal boundary. (g) Individual zircon 
and titanite hosting ilmenite, zircon and plagioclase inclusions, both overgrown by chloritized 
biotite. (h) Amoeboid shaped titanite with ilmenite and zircon inclusions. (i) Partially altered 
monazite-(La) and zircon. 
 
4.2.4. CD-S-C pegmatite 
a) Major and minor mineral petrography 
The CD-S-C pegmatite is heavily altered and is composed of quartz, plagioclase, K-feldspar, 
chloritized biotite, accessory titanite and ilmenite (Fig. 4.7i-k). Sericite occurs as a fine 
groundmass and hosts chloritized biotite, titanite and ilmenite (Fig. 4.7i). Locally, ilmenite and 
titanite are overgrown by the chloritized biotite (Fig. 4.7i, j). K-feldspar is abundant in this 
pegmatite (Fig. 4.7j). Quartz varies in crystal size from 0.5 mm to 4 mm, and most show sutured 
grain boundaries and undulose extinction (Fig. 4.7k). 
 
b) Accessory mineral petrography  
The CD-S-C pegmatite is characterised by the presence of titanite, ilmenite, zircon and 
monazite-(La) (Fig. 4.8g-i). Titanite commonly occurs as texturally homogeneous, anhedral 
crystals within variably chloritized biotite and usually contains ilmenite and sometimes zircon 
inclusions (Fig. 4.8g, h). Ilmenite crystals are sub-rounded, show homogeneous textures and 
vary in size from < 50 µm to 200 µm to and occur as inclusions in titanite (Fig. 4.8g, h). Zircons 
occur along or as inclusions in amoeboid shaped titanite (Fig. 4.8h). Partially altered monazite-





4.3.  Eastern domain  
Sidi-Barrani pegmatites 
Two pegmatites were sampled to represent the Sidi-Barrani pegmatites (Chapter 3) and are 
described as follows: 
4.3.1. Sidi-Barrani pegmatite-1 
a) Major and minor mineral petrography 
This pegmatite is mostly composed of quartz, plagioclase, K-feldspar, biotite and sericite (Fig. 
4.9a, b). In the biotite-rich zone of the pegmatite, biotite flakes are interlayered with variably 
sericitized K-feldspar (Fig. 4.9a, b).  
 
b) Accessory mineral petrography  
The Sidi-Barrani Pegmatite-1 is characterised by the presence of magnetite, ilmenite, titanite, 
zircon, xenotime-(Y) and rare thorite (Fig. 4.10a-c). Magnetite and ilmenite are overgrown by 
titanite (Fig. 4.10a). Zircon occurs as anhedral crystals, and locally hosts up to 1 mm long and 
fractured xenotime-(Y) inclusions (Fig. 4.10b). Apart from forming inclusions in zircon, 
xenotime-(Y) also occurs as anhedral crystals riddled with thorite inclusions (Fig. 4.10c). 
 
Fig. 4.9: Representative photomicrographs of samples taken from the two Sidi-Barrani 
pegmatites in the eastern domain. All images are in XPL except (c) and (f), which are taken in 
PPL. (a-b) Sidi-Barrani pegmatite-1. (a) Interlayering between biotite and variably sericitized 
K-feldspar. (b) Close-up of the variably altered K-feldspar (c-f) Sidi-Barrani pegmatite-2. (c) 
Chloritized biotite with muscovite. (d) Titanite inclusions commonly occurring along the 
cleavage planes of chloritized biotite. (e) Partially altered plagioclase with K-feldspar and 
quartz. (f) Slightly deformed chloritized biotite enclosing K-feldspar.  
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4.3.2. Sidi-Barrani pegmatite-2 
a) Major and minor mineral petrography 
This pegmatite is mostly composed of biotite, muscovite, quartz, partially sericitized 
plagioclase, perthitic K-feldspar and minor titanite (Fig. 4.9c-f). Most biotite is chloritized and 
contains inclusions of titanite, especially along cleavage planes (Fig. 4.9c, d). Muscovite 
commonly occurs along the crystal boundaries of the chloritized biotite (Fig. 4.9c). Locally, 
plagioclase is partially altered to sericite and occurs with perthitic K-feldspar and quartz 
crystals showing undulatory extinction (Fig. 4.9e). In other parts of the pegmatite, K-feldspar 
is enclosed between large (> 3 mm) biotite sheets as in Fig. 4.9f.  
 
b) Accessory mineral petrography  
The Sidi-Barrani pegmatite - 2 hosts fluorapatite, euxenite-(Y) and polycrase-(Y) with minor 
xenotime-(Y), zircon, thorite and barite (Fig. 4.10d-f). Fluorapatite occurs as irregularly shaped 
crystals with relatively homogeneous textures and hosts xenotime-(Y) inclusions (Fig. 4.10d). 
Euxenite-(Y) occurs as large (~ 6 mm) anhedral crystals, partially altered to polycrase-(Y) with 
rare thorite and zircon inclusions (Fig. 4.10e). Barite occurs sporadically, enclosed in K-
feldspar (Fig. 4.10f). 
 
Fig. 4.10: Selected BSE images of accessory minerals of samples from (a-c) Sidi-Barrani 
pegmatite-1. (d-f) Sidi-Barrani pegmatite-2 in the eastern domain. (a) Intergrowth of ilmenite, 
magnetite and titanite. (b) Anhedral zircon crystal with a ~ 1 mm- long xenotime-(Y) inclusion. 
(c) ~ 2 mm large and fractured xenotime-(Y) crystal with thorite inclusions. (d) Fluorapatite 
with xenotime inclusions (e) ~6 mm-large euxenite-(Y) partially altered in polycrase-(Y) with 
zircon and thorite inclusions. (f) A brecciated K-feldspar hosting barite.  
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4.3.3. ED-S-A pegmatite 
a) Major and minor mineral petrography 
The ED-S-A pegmatite is altered and consists of quartz, muscovite, chlorite, sericite, 
plagioclase and K-feldspar (Fig. 4.11a-d). Sericite mostly occurs as a fine-grained groundmass 
and hosts the majority of the other minerals (Fig. 4.11a, b). Chlorite and titanite occur as 
overgrowths on the oxide mineral identified as ilmenite (Fig. 4.11a, d). Chlorite occurs 
enclosed in the sericite groundmass (Fig. 4.11a, b, d). Muscovite occurs as large individual 
flakes (> 5 mm) or as small crystals within plagioclase (Fig. 4.11c). 
 
b) Accessory mineral petrography 
The ED-S-A pegmatite contains titanite, magnetite, zircon, ilmenite and fluorapatite (Fig. 12a-
c). Titanite occurs as anhedral crystals characterised by homogeneous textures and is 
commonly in spatial association with magnetite and/or zircon and minor ilmenite (Fig. 4.12a, 
b). Magnetite occurs as large (up to 1 mm) crystals, commonly containing inclusions of zircon 
(Fig. 4.12a). Minor ilmenite occurs as inclusions in titanite (Fig. 4.12a). Locally, zircon occurs 
as euhedral crystals and is characterised by homogeneous to patchy textures (Fig. 4.12b). 
Apatite is also an accessory mineral of the ED-S-A pegmatite and occurs as irregular shaped 
crystals with homogeneous textures (Fig. 4.12c) 
 
Fig. 4.11:  Photomicrographs of samples taken from the simple pegmatites in the eastern 
domain. All images are in XPL except (a) and (b), which are taken in PPL. (a-d) ED-S-A 
pegmatite where titanite, ilmenite and quartz occur in a fine sericite groundmass except in (c) 
where fresh, muscovite and plagioclase are found (e-f) ED-S-B pegmatite with quartz, 
muscovite and plagioclase 
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4.3.4. ED-S-B pegmatite 
a) Major and minor mineral petrography 
This pegmatite is composed of plagioclase with minor quartz and muscovite (Fig. 4.11e, f). 
Quartz occurs as ~ 5 mm-large anhedral crystals (Fig. 4.11e). Plagioclase is partially replaced 
by fine-grained muscovite as seen in Fig. 4.11e. Muscovite also occurs as an inclusion in quartz 
(Fig. 4.11e). Large muscovite (~ 5 mm) occurs as anhedral crystals, commonly orientated 
parallel to the plagioclase twin planes (Fig. 4.11f) 
 
b) Accessory mineral petrography 
The ED-S-B pegmatite contains ilmenite, titanite, fluorite and scarce barite (Fig. 4.12d, e). 
Ilmenite occurs as scattered crystals along with texturally homogeneous titanite and a rare 
barite crystal in feldspar (Fig. 4.12d). Fluorite occurs as large (~ 1 mm), homogeneous crystals 
(Fig. 4.12e).  
 
Fig. 4.12: Selected BSE images of accessory minerals of samples from simple pegmatites in 
the eastern domain. (a-c) ED-S-A pegmatite. (d-e) ED-S-B pegmatite. (a) Titanite spatially 
associated with magnetite, zircon and minor ilmenite. (b) Patchy zircon crystals with 
homogeneous titanite. (c) Anhedral shaped and texturally homogeneous fluorapatite. (d) 
Occurrence of ilmenite with titanite and rarely a barite crystal. (e) Texturally homogeneous 





4.4. Summary of the petrography from all domains 
Based on petrographic observations, both complex and simple pegmatites in the western, 
central and eastern domains generally include variable amounts of accessory mineral phases, 
in addition to a common granitic mineral assemblage (Table 4.1). The minerals present in each 
pegmatite were classified as primary and late-primary (may be referred to as early stage 
minerals) or secondary (may be referred to as late stage minerals) based on their textures (Fig. 
4.13). Primary minerals are those that appear to be magmatic and are characterised by euhedral 
to subhedral crystal boundaries, late-primary minerals are those that partially replace primary 
minerals but precede secondary minerals, which are characterised by anhedral crystal 
boundaries and commonly occur with alteration minerals such as sericite and chlorite. 
Table 4.1: Summary of major and accessory minerals present in complex and simple 
pegmatites from the western, central and eastern domains 













Quartz √√√ √√√ √√√ √√√ √√ √√ 
K-feldspar √√ √√ √√ √√√ √√√ √ 
Plagioclase √ √√√ √√ √√ √√ √√√ 
Muscovite √√ √√ √√√  √ √√ 
Biotite √√ √√ √√√ √√√ √√√  
Tourmaline   √√    
Amphibole    √   
Sericite  √√√ √√√ √√√ √√√ √√√ 
Chlorite  √√  √√√ √√√ √√√ 
Euxenite  √   √√√  
Polycrase  √√   √√√  
Monazite √√√ (Ce) √ √√√ (Ce) √ (La)   
Xenotime √√√ √ √√  √√  
Zircon √√ √ √ √√ √ √ 
Thorite √√√ √ √√ √ √  
Magnetite √ √√  √√ √ √√ 
Ilmenite √ √√  √√ √ √ 
Titanite    √√ √ √√ 
Fluorite √     √ 
Fluorapatite   √ √  √√ 
Apatite   √    
Betafite √      
Scheelite  √√     
Barite √    √ √ 
√ - Scarce occurrence of the mineral  
√√ - Common occurrence of the mineral  




Fig. 4.13: Paragenetic sequence for complex and simple pegmatites per domain. 
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5. MAJOR AND TRACE ELEMENT COMPOSITION OF FELDSPAR 
AND MICA 
Sample preparation, elemental and isotopic analyses were carried out at the SPECTRUM 
analytical facility of the University of Johannesburg. The results are provided in Electronic 
Appendix-2, -3, -4 for the western, central and eastern domains respectively. All major and 
trace element analyses of feldspar and mica were performed on polished thin sections. U-Pb 
laser ablation analyses were performed both on epoxy-mounted minerals and on polished thin 
sections. 
 
5.1. Feldspar classification and composition 
The major and minor element composition of feldspar (Na, Mg, Si, Al, K, P, Ca, Fe, Rb, Cs, 
Mn and Ti) in complex and simple pegmatites from the western, central and eastern domains 
were obtained by EPMA and the results are provided in Electronic Appendix-2, -3, -4 
respectively, with only the average data being provided in the text. In addition to being a 
commonly occurring mineral in pegmatites, feldspar and especially K-feldspar is the mineral 
of choice for analyses because its composition is useful in interpreting petrogenetic 
relationships among pegmatites and/or zones within a single pegmatite, as K-feldspar has the 
capability to incorporate trace elements such as Rb, whose content usually increases with the 
degree of fractionation (Černý and Anderson, 1985). This is attributed to the geochemical 
behaviour of Rb, which is similar to that of K in feldspars. This allows the ratio of K/Rb to be 
used as a differentiation index, with this ratio decreasing in K-feldspars from more fractionated 
melts as a result of the partitioning of Rb, with a distinctly larger ionic radius, in the feldspar 
crystal structure (Černý and Anderson, 1985). 
 
5.1.1. Western domain 
Witkop pegmatite 
The feldspar present in the Witkop pegmatite and simple pegmatites from the western domain 
are both alkali-feldspar and plagioclase (Fig. 5.1a, b). In the Border zone of the Witkop 
pegmatite, plagioclase has an oligoclase composition with Ab contents from 77 to 87 mol.% 
(Fig. 5.1a). Core zone I hosts plagioclase and K-feldspar (Fig. 5.1a). Plagioclase has an albite 
composition (Ab90-Ab92) and K-feldspar has Or contents between 92 and 98 mol.% (Fig. 5.1a). 
The K-feldspar has an average K/Rb ratio of 214 (Table 5.1). In Core zone II, the plagioclase 
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forms two groups with different compositions. The first group has an andesine composition 
(Ab66-Ab69) and the second ranges in composition from oligoclase to albite (Ab86-Ab95) (Fig. 
5.1a; Fig. 4.1h). The maximum Na content of plagioclase increases from the Border zone 
towards the Core zones (Fig. 5.1a). 
 
 
Fig. 5.1: Composition of plagioclase and alkali feldspar from the western domain in an 




The K-feldspar in the WD-S-A simple pegmatite has Or contents from 95 to 97 mol.% (Fig. 
5.1b), with a higher average K/Rb value (336) than K-feldspar from Core zone I of the Witkop 
pegmatite (Table 5.1). Plagioclase is an almost pure albite (Ab95-Ab99), with higher Na contents 
than albite in the Witkop pegmatite (Fig. 5.1a, b).  
 
WD-S-B pegmatite 
Similar to plagioclase in Core zone II from the Witkop pegmatite, two groups of plagioclase 
compositions can be distinguished in the WD-S-B pegmatite. The first group is andesine in 
composition (Ab67-Ab69) and the second ranges from oligoclase to albite (Ab86-Ab94) (Fig. 
5.1a, b).  
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Table 5.1: Average major and minor element compositions (wt. %) for feldspar from the Witkop and simple pegmatites from the western domain.   
bdl = below detection limit
 
Plagioclase Alkali-feldspar 






Core zone I 
(n=9) 
Core zone II (n=14) WD-S-A 
(n=20) 











SiO2 64.67 67.17 61.18 66.76 68.63 61.20 66.39 65.45 64.60 
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl bdl  
Al2O3 21.80 20.57 23.98 20.83 19.27 24.43 20.1 17.99 17.82 
FeO bdl bdl 0.14 bdl 0.07 0.13 0.18 bdl 0.06 
MnO bdl bdl bdl bdl bdl bdl bdl bdl bdl 
MgO bdl bdl bdl bdl bdl bdl bdl bdl bdl 
CaO 3.25 1.73 6.31 2.08 0.32 6.35 1.77 bdl bdl 
Na2O 9.85 10.73 7.89 10.52 11.65 8.04 9.72 0.65 0.45 
K2O 0.22 0.13 0.43 bdl 0.08 0.37 0.14 15.81 16.03 
P2O5 0.09 bdl bdl bdl bdl bdl bdl bdl bdl 
Rb2O bdl bdl 0.01 bdl bdl bdl bdl 0.15 0.10 
Cs2O bdl bdl bdl bdl bdl bdl bdl bdl bdl 
Total 99.88 100.33 99.94 100.19 100.02 100.52 98.30 100.05 99.06 
% Ab 83 91 70 90 98 68 90 6 4 
% An 15 8 30 10 2 30 9 0 0 
% Or 1 1 2 1 1 2 1 94 96 
K/Rb - - -  - - - 214 336 
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5.1.2. Central domain 
Koegab pegmatite 
The Koegab pegmatite contains both alkali feldspar and plagioclase (Fig. 5.2a, b). A limited 
dataset on both plagioclase and alkali feldspar has been collected for the Koegab pegmatite 
zones and only two zones were analysed for their feldspar compositions. In the Biotite zone, 
plagioclase has an oligoclase composition (Ab79-Ab85) and K-feldspar has Or contents between 
92 and 100 mol.% (Fig. 5.2a). The K-feldspar has an average K/Rb value of 602 (Table 5.2). 
In the Tourmaline zone, K-feldspar (Or92-Or94) has a lower average K/Rb value (384) than 
the Biotite zone (Fig. 5.2a; Table 5.2).  
 
Fig. 5.2: Composition of plagioclase and alkali feldspar from the central domain in an 




The CD-S-A pegmatite hosts plagioclase with an albite composition (Ab94-Ab98) and K-
feldspar with Or contents between 94 and 97 mol.% (Fig. 5.2b). The CD-S-A pegmatite has an 







In the CD-S-B pegmatite, K-feldspar has Or contents between 94 and 96 mol.%, similar to K-
feldspar from the CD-S-A pegmatite (Fig. 5.2b). The CD-S-B pegmatite has an average K/Rb 
value (426) similar to that of the CD-S-A pegmatite (Table 5.2).  
 
CD-S-C pegmatite 
In the CD-S-C pegmatite, plagioclase has an albite composition (Ab94-Ab95) and K-feldspar 
has Or contents between 92 and 97 mol.% (Fig. 5.2b) with the highest K/Rb average value 
(1170) among all analysed K-feldspar from the central domain (Table 5.2). K-feldspar from 
the central domain generally has higher average K/Rb values than the analysed K-feldspar from 
the western domain. 
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bdl = below detection limit
 
Plagioclase Alkali-feldspar 

















SiO2 64.15 68.35 67.55 64.65 62.73 65.13 65.01 64.97 
TiO2 bdl bdl bdl bdl bdl bdl bdl bdl 
Al2O3 22.48 19.53 20.08 18.35 17.36 17.88 17.91 18.03 
FeO bdl bdl bdl bdl bdl bdl bdl bdl 
MnO bdl bdl bdl bdl bdl bdl bdl bdl 
MgO bdl bdl bdl bdl bdl bdl bdl bdl 
CaO 3.69 0.75 0.80 bdl bdl bdl bdl bdl 
Na2O 9.98 11.56 11.08 0.46 0.75 0.52 0.55 0.64 
K2O 0.22 0.14 0.34 15.87 15.69 16.03 15.94 15.79 
P2O5 0.08 bdl bdl 0.06 bdl bdl bdl bdl 
Rb2O bdl 0.01 0.01 0.05 0.08 0.08 0.08 0.04 
Cs2O bdl bdl bdl bdl bdl bdl bdl bdl 
Total 100.60 100.34 99.86 99.44 96.61 99.64 99.49 99.47 
% Ab 82 96 94 4 7 5 5 6 
% An 20 3 4 0 0 0 0 0 
% Or 1 1 2 96 93 95 95 94 
K/Rb - - - 602 384 427 426 1170 
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5.1.3. Eastern domain 
Feldspars from the Sidi-Barrani pegmatites and simple pegmatites in the eastern domain are 
alkali feldspar and plagioclase (albite to oligoclase) (Fig. 5.3a, b).  
Sidi-Barrani pegmatite-1 
In the Sidi-Barrani pegmatite-1, K-feldspar has Or contents between 92 and 94 mol.% with 
an average K/Rb value of 529 (Fig. 5.3a; Table 5.3).  
 
Sidi-Barrani pegmatite-2 
The Sidi-Barrani pegmatite-2 hosts plagioclase with an albite composition (Ab98-Ab100) (Fig. 
5.3a).  
 
Fig. 5.3: Composition of plagioclase and alkali feldspar from the central domain in an 




In the ED-S-A pegmatite, the composition of plagioclase varies from oligoclase (Ab83-Ab85) 
to albite (Ab97-Ab99) and K-feldspar has Or contents between 93 and 97 mol.% with an average 
K/Rb value of 407 (Fig. 5.3b; Table 5.3).  
 
ED-S-B pegmatite 

























bdl = Below detection limit
 
Plagioclase Alkali-feldspar 
Sidi-Barrani pegmatites simple pegmatites Sidi-Barrani pegmatites simple pegmatites 
Sidi-Barrani pegmatite-2 
(n=11) 









SiO2 68.29 64.43 68.70 68.86 64.43 58.14 
TiO2 bdl bdl bdl bdl bdl bdl 
Al2O3 19.01 21.85 19.46 19.36 18.10 22.95 
FeO bdl bdl bdl bdl 0.12 1.20 
MnO bdl bdl bdl bdl bdl bdl 
MgO bdl bdl bdl bdl bdl 0.04 
CaO 0.16 2.82 0.37 0.24 bdl bdl 
Na2O 12.19 9.79 11.42 11.35 0.66 0.49 
K2O 0.04 0.44 0.07 0.07 15.44 14.12 
P2O5 bdl bdl bdl bdl bdl bdl 
Rb2O bdl bdl bdl bdl 0.06 0.07 
Cs2O bdl bdl bdl bdl bdl bdl 
Total 99.69 99.33 100.02 99.88 98.81 97.01 
% Ab 99 84 98 98 6 5 
% An 1 13 2 1 0 0 
% Or 0 2 0 0 94 95 
K/Rb - - - - 529 407 
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5.1.4. Summary of feldspar compositions from all domains 
Complex and simple pegmatites from the western, central and eastern domains generally have 
plagioclase compositions that range from andesine through oligoclase to albite, and K-feldspar 
has Or contents between 90 and 100 mol.% (Fig. 5.4a, b). In Core zone II of the Witkop 
pegmatite, two plagioclase compositions are distinguished, a primary andesine composition 
and secondary oligoclase-albite composition (Fig. 5.1a). This replacement of feldspar by albite 
(Fig. 4.1h; Fig. 5.1a) may be attributed to the process of albitization. Similar to the Core zone 
II of the Witkop pegmatite, the WD-S-B pegmatite shows the replacement of primary andesine 
by oligoclase-albite feldspar (Fig. 5.1a, b).  
 
Fig. 5.4: Summary of the composition of plagioclase and alkali feldspar from the western, 
central and western domains in an orthoclase (Or)-albite (Ab)-anorthite (An) ternary diagram, 
(a) complex pegmatites and (b) simple pegmatites. 
 
The ratio of K/Rb can be used as a differentiation index, with this ratio decreasing in K-
feldspars from more fractionated melts (Černý and Anderson, 1985). In the western domain, 
K-feldspar from the Witkop pegmatite mostly has lower K/Rb values (191-238) than K-
feldspar from simple pegmatites (K/Rb=228-528) (Fig. 5.5a). In the central domain, K-feldspar 
from the Koegab pegmatite has overlapping K/Rb ratios (346-773) with that from simple 
pegmatites (K/Rb=317-3169), although the latter reaches higher K/Rb ratios (Fig. 5.5b). Based 
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on the K/Rb values, the Witkop may be interpreted to be more evolved than the simple 
pegmatites in the western domain. This trend is not so clear in the central domain and eastern 
domains (Fig. 5.5b, c), where the Koegab and Sidi-Barrani pegmatites have overlapping K/Rb 
values with the simple pegmatites in the respective domains. Generally, complex and simple 
pegmatites from all the domains show overlapping K/Rb values (Fig. 5.5d). 
 
Fig. 5.5: K/Rb vs Rb (apfu) plot showing the composition of K-feldspar in complex and simple 
pegmatites from the (a) western domain (b) central domain and (c) eastern domain (d) 








5.2. Mica classification and composition 
The major and minor element compositions of mica (Si, Al, K, Ca, Fe, Rb, Cs, Mn, Ti, F, Na 
and Mg) determined by EPMA and trace element compositions obtained by LA-Q-ICP-MS 
(7Li, 24Mg, 29Si, 47Ti, 60Ni, 71Ga, 85Rb, 88Sr, 89Y, 93Nb, 133Cs, 137Ba, 181Ta, 182W and 208Pb) from 
complex and simple pegmatites of the western, central and eastern domains are provided in 
Electronic Appendix-2, -3, -4 respectively and summarized in tables 5.4, 5.5 and 5.6 below. 
Representative images and mica classification diagrams (feal vs. mgli diagram; Tischendorf et 
al., 1997, 2001) from the complex and simple pegmatites are shown in Figs. 5.6, 5.9, 5.12 and 
5.7, 5.10, 5.13 respectively. The Li content was either measured by LA-Q-ICP-MS or 
calculated following Tischendorf et al. (1997) by using the F (i.e dioctahedral micas) and MgO 
(i.e trioctahedral micas) contents measured by EPMA. K/Rb values versus F content diagrams 
are based on EPMA analyses and K/Rb values versus trace element content (Nb, Y, Li, Cs, Ta, 
Ba and Nb/Ta) diagrams were made using LA-Q-ICP-MS data. Mica structural formulas are 
calculated based on 22 oxygen. No trace element data were obtained for the eastern domain 
because of the scarcity of unaltered micas. The ratio of K/Rb is used as a differentiation index, 
with this ratio decreasing in micas from more fractionated melts (Černý et al., 1985). 
Micas are the mineral of choice for petrogenetic studies of pegmatites as they are one of the 
most common mineral groups, stable over a wide range of temperature in various rocks and are 
widespread in almost all pegmatite zones (Tischendorf et al., 1997). Micas are thus important 
for petrogenetic analyses as they have a variable chemical composition with the ability for 
element substitution as external conditions change, representing useful recorders of the physio-
chemical environment in which they grew (Tischendorf et al., 1997, 2001, London, 2008). 
Moreover, micas incorporate significant amounts of rare elements (eg: Li, Cs, Nb, Ta) that are 
potential indicators of differentiation in granitic pegmatites and are of economic interest 
(Tischendorf et al., 2001; London, 2008; Anderson et al., 2013; Van Lichtervelde et al., 2018). 
Micas are subdivided into two subgroups based on the octahedral site occupancy, namely, 
trioctahedral and dioctahedral micas. In this study, dioctahedral mica used for analyses is 






5.2.1. Western domain 
Witkop pegmatite 
The Border zone of the Witkop pegmatite is characterised by the occurrence of dioctahedral 
micas that are Fe-muscovite, overgrown or partially replaced by muscovite (Fig. 5.6a, 5.7b). 
The dioctahedral mica commonly occurs along the twinning planes of plagioclase (Fig. 4.1b). 
Dioctahedral micas with a Fe-muscovite composition are generally enriched in Nb, Y, F, Li, 
Cs, and Ta (Fig. 5.8a-f), depleted in Ba (Fig. 5.8g) and show lower K/Rb (25-28) and Nb/Ta 
(1-3) values (Fig. 5.8h) compared to the micas with a muscovite composition (K/Rb=63-111; 
Nb/Ta=5-6). Fig. 5.8c shows that the F contents of the dioctahedral micas generally increase 
with decreasing K/Rb values (493-22) and that muscovite has higher K/Rb values (491-81) and 
lower F contents (0.02-0.48 wt %) compared to Fe-muscovite (K/Rb=73-22; F= 0.38-1.14 wt 
%). 
 
Fig. 5.6: Selected backscattered electron (BSE) images of micas from the Witkop pegmatite 
(a, b, c, d) and Simple pegmatites (e, f) in the western domain. (a) Dioctahedral mica from the 
Border zone. Light Fe-muscovite micas are overgrown by darker mica with a muscovite 
composition. (b) Mica from Core zone I. Trioctahedral mica of siderophyllite (Sid) 
composition is partially replaced by Fe-muscovite. (c) Dioctahedral mica from Core zone II 
with a Fe-muscovite composition. (d) Trioctahedral mica from Core zone II with a Fe-biotite 
composition. (e) WD-S-A pegmatite mica. Dioctahedral mica (Fe-muscovite to muscovite) is 
partially replaced along cleavage planes by chlorite (Chl). (f) WD-S-B pegmatite with Fe-




In Core zone I, trioctahedral micas are partially replaced by dioctahedral micas (Fig. 5.6b; Fig. 
4.1c, d) and are siderophyllite and Fe-muscovite, respectively (Fig. 5.7a, b). Dioctahedral micas 
are depleted in Nb, Li, Cs and Ta (Fig. 5.8a, d, e, f) and have higher K/Rb (49-59), Nb/Ta (10-
21) and K/Cs (779-1943) values than trioctahedral micas (K/Rb=22-27; Nb/Ta=6-10; 
K/Cs=36-65) (Table 5.4). The Y, F and Ba contents of dioctahedral micas are comparable to 
those of trioctahedral micas (Fig. 5.8b, c, g).  
 
Fig. 5.7: Fetot + Mn + Ti – Al
VI versus Mg – Li (atom per formula unit) classification diagram 
(Tischendorf et al., 1997, 2001) showing the composition of dioctahedral and trioctahedral 
micas from the western domain. (b) and (c) are close-ups of the muscovite – Fe-muscovite 
fields to show the distinction between the Witkop and simple pegmatites.  Note in all plots, 
filled symbols represent primary (early) micas and open symbols secondary (late) micas.  
 
Core zone II is characterised by the occurrence of texturally homogeneous dioctahedral micas 
of Fe-muscovite composition and Fe-biotite trioctahedral micas (Fig. 5.6c, d; Fig 5.7a, b; Fig. 
4.1f, g). Dioctahedral micas are depleted in F and Ba (Fig. 5.8c, g), enriched in Cs and Ta (Fig. 
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5.8e, f), and show lower Nb/Ta (3-6) and K/Rb (17-20) values compared to trioctahedral micas 
(Nb/Ta=23-25; K/Rb=52-61) (Fig. 5.8h; Table 5.4). The Nb, Y and Li contents of the 
dioctahedral micas are comparable to those of trioctahedral micas (Fig. 5.8a, b, d). 
 
Fig. 5.8: K/Rb vs (a) Nb, (b) Y, (c) F, (d) Li, (e) Cs, (f) Ta, (g) Ba content and (h) Nb/Ta 
diagrams for dioctahedral and trioctahedral mica from the Witkop and simple pegmatites in the 
western domain. Note the log scale for most x-axes. K, Rb and F determined by EPMA (wt %) 
for (c), all other graphs based on LA-ICPMS analyses (ppm). 
 
WD-S-A pegmatite 
The dioctahedral micas of the WD-S-A pegmatite partially replace plagioclase and occur as 
overgrowths on magnetite (Fig. 4.3d). These micas are also partially replaced by trioctahedral 
micas along the cleavage planes (Fig. 5.6e). The trioctahedral micas have low totals and are 
partially altered to chlorite, and therefore have been excluded from the plots. The compositions 
of dioctahedral micas fall on the boundary between the fields of muscovite and Fe-muscovite 
in the feal vs mgli diagram (Fig. 5.7c).  These micas show decreasing K/Rb values (147-51) 
with increasing Li and Cs (Fig. 5.8d, e) and widely variable Nb (2-101 ppm), Y (0.03-197 
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ppm), F (0.10-0.76 wt %), Li (24-202 ppm), Cs (21-54 ppm), Ta (0.5-22 ppm) and a limited 
range in Ba (636-1609 ppm) contents (Fig. 5.8a-g; Table 5.4).  
 
WD-S-B pegmatite 
The WD-S-B pegmatite is characterised by the occurrence of trioctahedral micas and two 
generations of dioctahedral micas. The first generation of dioctahedral micas falls on the 
boundary between the fields of muscovite and Fe-muscovite on the feal vs mgli diagram (Fig. 
5.7c). The second generation of dioctahedral micas locally replaces plagioclase and occurs as 
overgrowths on trioctahedral micas as shown in Fig. 5.6f. These replacement micas are Fe-
muscovite (Fig. 5.7c). The first generation of dioctahedral micas shows Y contents comparable 
to those of trioctahedral micas (Fig. 5.8b). These dioctahedral micas are enriched in Cs and Ta 
(Fig. 5.8e, f), generally depleted in Nb, F, Li and Ba (Fig. 5.8a, c, d, g) and characterised by 
lower K/Rb (17-26) and Nb/Ta values (1-4) compared to trioctahedral micas (K/Rb=51-59; 
Nb/Ta=22-28) (Table 5.4). In Fig. 5.8c, the second generation of dioctahedral micas that locally 
replace plagioclase (Fig. 5.6f) have higher K/Rb values (142-164) than the rest of the 




Table 5.4: Minimum, maximum and average values for Nb, Y, F, Li, Cs, Ta, Ba compositions and K/Rb, Nb/Ta and K/Cs ratios of dioctahedral 
and trioctahedral micas in the Witkop and simple pegmatites from the western domain. 
















+ K/Rb Nb/Ta K/Cs 
Border zone dioctahedral 
Min 36 0.2 0.02 70 77 6 16 25 22 1 92 
Max 222 3.7 1.14 291 882 83 85 111 493 6 1121 
Average 107 2.2 0.46 184 520 45 43 51 163 4 468 
n 5 5 18 5 5 5 5 5 18 5 5 
Core zone I 
dioctahedral 
Min 188 3 0.98 349 42 9 21 49 39 10 779 
Max 340 23 2.06 531 105 25 401 59 90 21 1943 
Average 267 10 1.37 465 69 21 99 53 64 14 1277 
n 9 9 23 9 9 9 9 9 23 9 9 
trioctahedral 
Min 479 2 0.72 558 1061 55 30 22 18 6 36 
Max 670 53 2.16 1161 1918 84 97 27 35 10 65 
Average 561 18 1.51 846 1311 73 56 24 26 8 53 
n 10 10 19 10 10 10 10 10 19 10 10 
Core zone II 
dioctahedral 
Min 22 0.3 0.20 202 261 4 4 17 16 3 39 
Max 243 5.4 1.16 456 2147 58 32 20 37 6 330 
Average 135 7.8 0.81 286 1122 32 10 20 22 5 101 
n 12 12 31 12 12 12 12 12 31 12 12 
trioctahedral 
Min 156 0.4 1.94 304 25 6.2 569 52 50 23 1788 
Max 167 2.5 2.50 414 39 7.4 2176 61 96 25 2788 
Average 161 1.0 2.25 356 33 6.7 1042 56 63 24 2162 




Min 1.5 0.03 0.1 24 21 0.5 636 51 44 2 1624 
Max 106 197 0.76 202 54 22 1609 147 198 40 4466 
Average 41 19 0.43 89 32 7 1005 80 82 9 3024 
n 20 20 80 20 20 20 20 20 80 20 20 
WD-S-B 
dioctahedral 
Min 11 0.4 0.16 55 329 5 5 16 18 1 33 
Max 199 19 1.12 365 2476 70 96 26 164 4 249 
Average 134 4.2 0.62 224 934 48 24 20 36 3 123 
n 8 8 30 8 8 8 8 8 30 8 8 
trioctahedral 
Min 202 0.11 1.46 302 28 7 612 51 49 22 1572 
Max 218 3.11 2.14 327 46 9 791 59 77 28 2606 
Average 207 1 1.85 316 36 8 723 55 60 26 2138 
n 4 4 13 4 4 4 4 4 13 4 4 
* K/Rb = measured by LA-MC-ICMPS (K and Rb in ppm)  
+ K/Rb = measured by EPMA (K and Rb in wt %) 





5.2.2. Central domain 
Koegab pegmatite 
Dioctahedral micas in the Replacement body zone of the Koegab pegmatite are intergrown 
with chloritized biotite and commonly occur along the cleavages of unidentified groundmass 
material now replaced by sericite (Fig. 5.9a). These micas are pure muscovite in composition 
in the feal vs mgli diagram (Fig. 5.10b). In Fig. 5.11c, the dioctahedral micas show a small 
range in F (0.38-0.90 wt %) with variable K/Rb values (72-182). The micas are generally 
depleted in F compared to dioctahedral micas analysed from the other zones of the Koegab 
pegmatite although they all have comparable K/Rb values (Fig. 5.11c). 
 
Fig. 5.9: Selected backscattered electron (BSE) images from the Koegab pegmatite (a, b, c, d) 
and Simple pegmatite (e) in the central domain. (a) Intergrown dioctahedral mica (muscovite) 
with chloritized biotite (Chl) from the Replacement body zone (b) Mica from the Biotite zone. 
Trioctahedral mica (Fe-biotite) is partially replaced by dioctahedral mica with a Fe-muscovite 
to muscovite composition. (c)  Mica from the Monazite zone with a muscovite composition. 
(d) Dioctahedral mica from the Tourmaline zone with a muscovite composition (e) CD-S-A 
pegmatite. Trioctahedral mica with a siderophyllite (Sid) to annite (Ann) composition. 
 
Muscovite to Fe-muscovite dioctahedral micas in the Biotite zone partially replace Fe-biotite 
trioctahedral micas (Fig. 5.9b; Fig. 5.10a, b; Fig. 4.5c, e). The dioctahedral and trioctahedral 
micas show similar Nb, Ta, Ba contents and Nb/Ta values (Fig. 5.11a, f, g, h), although 
dioctahedral micas generally have higher K/Rb values (50-70) than trioctahedral micas (K/Rb 
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= 23-45) (Table 5.5). Dioctahedral micas are enriched in Y (Fig. 5.11b) and are slightly 
depleted in F, Li and Cs compared to trioctahedral micas (Fig. 5.11c, d, e; Table 5.5).  
 
Fig. 5.10: Fetot + Mn + Ti – Al
VI versus Mg – Li (atom per formula unit) classification diagram 
(Tischendorf et al., 1997, 2001) showing the composition of dioctahedral and trioctahedral 
micas from the central domain. (b) is a close-up of the muscovite – Fe-muscovite fields to show 
the distinction between dioctahedral micas from the Koegab pegmatite. Note all dioctahedral 
micas in the Koegab pegmatite are classified as late-primary. 
 
The Monazite zone is characterised by texturally homogeneous dioctahedral micas that 
partially replace K-feldspar and occur as overgrowths on monazite (Fig. 4.5h). These micas 
have a muscovite composition (Fig. 5.9c, 5.10b). The Monazite zone does not host any 
trioctahedral micas. The dioctahedral micas show restricted variations in Nb, Li, Cs, Ta and Ba 
contents (Fig. 5.11a, d-g) and show a small range in K/Rb (60-64) and Nb/Ta (8-9) values 
(Table 5.5). The Y contents the micas vary from 0.02 to 3.19 ppm at near- constant K/Rb values 
of 60-64. In Fig. 5.11c, the dioctahedral micas show a restricted variation in F (0.96-1.74 wt 
%), similar to that of dioctahedral micas from the Biotite zone. 
The Tourmaline zone hosts texturally homogeneous dioctahedral micas with tourmaline, both 
of which partially replace K-feldspar alongside tourmaline (Fig. 4.5k, l; Fig. 5.9d). These micas 
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have a muscovite composition (Fig. 5.9d, 5.10b). The Tourmaline zone does not host any 
trioctahedral micas. These dioctahedral micas are depleted in Y and Ba (Fig. 5.11b, g), enriched 
in F (Fig. 5.11c) and slightly enriched in Li (Fig. 5.11d) with similar K/Rb (59-62) and Nb/Ta 
(7.7-8.3) values to muscovite in the Monazite zone (Table 5.5). 
 
Fig. 5.11: K/Rb vs (a) Nb, (b) Y, (c) F, (d) Li, (e) Cs, (f) Ta, (g) Ba content and (h) Nb/Ta 
diagrams for dioctahedral and trioctahedral mica from the Koegab and simple pegmatites in 
the central domain. Note the log scale for most x-axes. K, Rb and F determined by EPMA (wt 
%) for (c), all other graphs based on LA-ICPMS analyses (ppm).  
 
Simple pegmatites 
Simple pegmatites from the central domain do not host any dioctahedral micas. Trioctahedral 








The CD-S-A pegmatite is characterised by the occurrence of trioctahedral micas with 
compositions transitional between siderophyllite and annite (Fig. 5.9e; Fig. 5.10a). These 
trioctahedral micas show a limited range in Nb (120-213 ppm) and Li (941-1120 ppm) 
concentrations (Fig. 5.11a, d), and a slightly wider range in Y (0.8-9.1 ppm), F (0.14-0.80 wt 
%), Cs (110-248 ppm), Ta (0.8-4.7 ppm) and Ba (264-487 ppm) contents (Fig. 5.11b-c, e-g) 
with slightly variable K/Rb (32-40) and highly variable Nb/Ta (26-223) values (Table 5.5). In 
Fig. 5.11c, the trioctahedral micas are the most depleted in F of all dioctahedral and 
trioctahedral micas analysed in the central domain. The trioctahedral micas show comparable 
K/Rb values and similar Nb and Cs contents to trioctahedral micas in the Biotite zone of the 
Koegab pegmatite (Fig. 5.11a, e).  Trioctahedral micas in the CD-S-A pegmatite are however, 
more enriched in Y and Ba (Fig. 5.11b, g) and depleted in Ta (Fig. 5.11c, f) compared to 




Table 5.5: Minimum, maximum and average values for Nb, Y, F, Li, Cs, Ta, Ba compositions and K/Rb, Nb/Ta and K/Cs ratios of diocathedral 
and trioctahedral micas in the Koegab and simple pegmatites from the central domain 


















Min - - 0.38 - - - - - 72 - - 
Max - - 0.90 - - - - - 182 - - 
Average - - 0.66 - - - - - 114 - - 
n   21 - - - - - 21 - - 
Biotite zone 
dioctahedral 
Min 104 0.3 0.96 537 80 13 42 50 61 6 502 
Max 329 19 1.54 833 135 54 57 70 139 8 944 
Average  204 9 1.32 689 114 32 50 60 107 7 657 
n 4 4 14 4 4 4 4 4 14 4 4 
trioctahedral 
Min 187 28 1.36 1603 <0.005 1924 21 23 23 5.9 39 
Max 302 41 2.30 1946 0.34 2943 103 45 49 7.7 534 
Average  220 34 1.69 1797 0.13 2412 46 30 35 6.5 247 
n 11 11 20 11 11 11 11 11 20 11 11 
Monazite zone dioctahedral 
Min 172 0.02 0.96 291 54 20 13 60 66 8.4 1190 
Max 197 3.19 1.74 507 64 24 16 64 159 8.9 1419 
Average 181 0.88 1.42 414 60 21 15 63 112 8.7 1277 
n 8 8 21 8 8 8 8 8 21 8 8 
Tourmaline zone dioctahedral 
Min 176 0.01 1.38 449 63 22 4 59 58 7.7 1062 
Max 214 0.02 2.06 596 73 28 13 62 159 8.3 1202 
Average  204 0.02 1.76 528 69 25 10 61 95 8.1 1131 
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n 18 18 47 18 18 18 18 18 47 18 18 
CD-S-A trioctahedral 
Min 120 0.8 0.14 941 110 0.8 264 32 31 26  
Max 213 9.1 0.80 1120 248 4.7 487 40 55 223  
Average  167 4.6 0.49 1041 173 3.4 351 37 40 69  
n 8 8 31 8 8 8 8 8 31 8  
* K/Rb = measured by LA-MC-ICMPS (K and Rb in ppm)  
+ K/Rb = measured by EPMA (K and Rb in wt %) 
Other element ratios were measured using LA-MC-ICPMS (elements in ppm)
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5.2.3. Eastern domain 
Sidi-Barrani pegmatite-1 
The Sidi-Barrani pegmatite-1 is characterised by the occurrence of homogeneous 
trioctahedral micas that fall at the boundary between the fields of Fe-biotite and Mg-biotite in 
the feal vs mgli diagram (Fig. 5.12a, 5.13a). These micas have the lowest K/Rb values (15-26) 
and are the most enriched in F (1.84-2.24 wt %) of all eastern domain micas analysed (Fig. 
5.14; Table 5.6). The Sidi-Barrani pegmatite-1 has no dioctahedral micas.  
 
Sidi-Barrani pegmatite-2 
Dioctahedral micas in the Sidi-Barrani pegmatite-2 occur with chloritized biotite and are Fe-
muscovite (Fig. 5.12b, 5.13b). The dioctahedral micas have variable K/Rb values (36-163) and 
a wide range in F contents (0.76-1.24 wt %) (Fig. 5.14; Table 5.6) 
 
Fig. 5.12: Selected backscattered electron (BSE) images from the Sidi-Barrani pegmatites (a, 
b) and Simple pegmatites (e, c) in the eastern domain. (a) Fe-biotite to Mg-biotite trioctahedral 
mica from Sidi-Barrani pegmatite-1, with sericite (Ser) occurring along the cleavage planes. 
(b) Mica from the Sidi-Barrani pegmatite-2. Dioctahedral mica (muscovite to Fe-muscovite) 
occurring with chloritized biotite (c) Mica from the ED-S-A pegmatite with a muscovite 
composition. (d) Dioctahedral mica from the ED-S-B pegmatite with a Fe-muscovite 




Fig. 5.13: Fetot + Mn + Ti – Al
VI versus Mg – Li (atom per formula unit) classification diagram 
(Tischendorf et al., 1997, 2001) showing the composition of dioctahedral and trioctahedral 
micas from the eastern domain. (b) is a close-up of the muscovite – Fe-muscovite fields to show 
the distinction between dioctahedral micas from the Sidi-Barrani pegmatite-2 and simple 
pegmatites.   
 
Fig. 5.14: K/Rb vs F content diagram for dioctahedral and trioctahedral mica from the Sidi-
Barrani pegmatites and simple pegmatites in the eastern domain. K, Rb and F determined by 




The dioctahedral micas found in the ED-S-A pegmatite occur as flakes in plagioclase, probably 
as an alteration product, with compositions transitional between the fields of muscovite and 
Fe-muscovite in the feal vs mgli diagram (Fig. 5.12c, 5.13b). These micas have the highest 
K/Rb values (95-247) and are the most depleted in F (0.10-0.86 wt %) of all dioctahedral and 
trioctahedral micas analysed in the eastern domain (Fig. 5.14; Table 5.6). Trioctahedral micas 
from this pegmatite are chloritized and are excluded from plots. 
 
ED-S-B pegmatite 
The ED-S-B pegmatite is characterised by dioctahedral micas with a Fe-muscovite 
composition, overgrown by muscovite (Fig. 5.12d, 5.13b). The Fe-muscovite shows lower 
K/Rb values (21-58) with higher F contents (1.38-1.94 wt %) compared to the muscovite, 
which has higher K/Rb values (56-99) and is depleted in F (0.92-1.00 wt %) (Fig. 5.14). 
88 
 
Table 5.6: Minimum, maximum and average values for F contents and the K/Rb ratios of 
diocathedral and trioctahedral micas in the Sidi-Barrani and simple pegmatites from the eastern 
domain. 
   F (wt %) + K/Rb 
Sidi-Barrani pegmatite- 1 triocathedral 
Min 1.84 15 
Max 2.24 26 
Average 2.09 19 
n 12 12 
Sidi-Barrani pegmatite- 2 dioctahedral 
Min 0.76 36 
Max 1.24 163 
Average  0.99 73 
n 19 19 
ED-S-A dioctahedral 
Min 0.1 95 
Max 0.86 247 
Average 0.49 149 
n 14 14 
ED-S-B dioctahedral 
Min 21 0.92 
Max 99 1.94 
Average  43 1.58 
n 18 18 
* K/Rb = measured by LA-Mc-ICMPS (K and Rb in ppm)  
+ K/Rb = measured by EPMA (K and Rb in wt %) 
Other element ratios were measured using LA-MC-ICPMS (elements in ppm)
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5.2.4. Summary of mica compositions from all domains 
The dioctahedral and trioctahedral micas in the western, central and eastern domains can be 
divided into primary and secondary, based on their textural characteristics (Fig. 5.6; 5.9; 5.12; 
Chapter 4). Generally, the secondary dioctahedral micas occur as overgrowths or replacements 
of primary dioctahedral micas (Fig. 5.6a, 5.12d), primary trioctahedral micas (Fig. 5.6b, 5.9b), 
plagioclase (Fig. 4.3d, 5.6f, 5.12c) and K-feldspar (Fig.5.9c, 5.9d).  
The enrichment of rare metals between dioctahedral and trioctahedral micas in complex versus 
simple pegmatites is variable and appears to depend on whether the micas are primary, late-
primary (i.e early minerals) or secondary (i.e late minerals) (Fig. 5.8; 5.11; 5.14).  
• In the western domain, primary dioctahedral and trioctahedral mica in Core zone I (Fig. 
5.6b) are enriched in rare elements, with K/Rb values < 45 (Fig. 5.8). Primary trioctahedral 
micas in Core II and the WD-S-B pegmatite (Fig. 5.6d, f) are similarly enriched and/or 
depleted in rare elements as secondary dioctahedral micas from the Border zone and the 
WD-S-A pegmatite (Fig. 5.8), all with K/Rb values > 45.  
• In the central domain, the late-primary dioctahedral micas all have K/Rb > 45, with 
dioctahedral micas from the Tourmaline zone depleted in Y and Ba (Fig. 5.11b, g) and 
enriched in F and Li (Fig. 5.11c, d) compared to the Monazite zone. This is compatible with 
a progressive crystallization from a single batch magma, from the Monazite zone to the 
Tourmaline zone, as observed in the field (Fig. 3.10a, b).  
• In the eastern domain, primary dioctahedral and trioctahedral micas are enriched in F, with 
K/Rb values < 45, whereas secondary dioctahedral micas are depleted in F and have K/Rb 
values > 45 (Fig. 5.14) 
A summary of the pegmatites that host primary, late-primary and secondary dioctahedral and 






Table 5.7:  Summary of primary and secondary dioctahedral and trioctahedral micas in complex (Witkop, Koegab, Sidi-Barrani) and simple (WD-
R, CD-R, ED-R) pegmatites from the Western, Central and Eastern domains. 
 
Note that some pegmatites host both primary and secondary dioctahedral or trioctahedral micas and therefore the reader is referred to Figures 5.6, 5.9 and 5.12 
in the western, central and eastern domains respectively for the distinction between the two types. 
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Monazite is a monoclinic light rare-earth element phosphate that usually incorporates high 
concentrations of U and Th into its crystal structure (Catlos et al., 2002). It occurs in a wide 
variety of rocks as an accessory mineral, and it can be used to date the crystallisation age of 
igneous rocks (Parrish, 1990). In this study, monazite crystals are used to date complex 
pegmatites; because of the absence of good quality monazites in simple pegmatites, titanite 
was used for dating purposes. Similar to monazite, titanite is also a common accessory mineral 
in igneous rocks (Frost et al., 2001; Liu et al., 2018). It incorporates sufficient U into its crystal 
structure thus making it a suitable mineral for U-Pb geochronology (Rasmussen et al., 2013). 
Although zircon was found in some pegmatites, age dating was unsuccessful (see below) 
Monazite and titanite were used for U-Pb dating by LA-MC-ICPMS on complex and simple 
pegmatites respectively, from the western, central and eastern domains (Electronic Appendix-
2, 3, 4 respectively). The U-Pb analyses were performed on epoxy resin grain mounts and one 
polished thin section. The minerals were imaged using an SEM for their textures, internal 
compositional zoning and/or zones of alteration present prior to being analysed for their ages. 
 
6.1. Western domain 
One monazite crystal was analysed in a thin section from the Core zone I of the Witkop 
pegmatite. The 4 mm large monazite occurs as a fractured, wedge-shaped crystal with 
homogeneous texture (Fig. 6.1a). The monazite crystal contains up to 40 µm large thorite and 
xenotime inclusions (Fig. 4.2c). The monazite crystal was analysed for its U-Pb systematics 
and the results are provided in Electronic Appendix-2. Fifteen single spot analyses were 
conducted randomly on the monazite, avoiding cracks and inclusion-rich zones (Fig. 6.1a). A 
cluster of eight analyses show slight reverse discordancy (+2 to +5%) and as the 207Pb/235U is 
least affected by reverse discordance (Parrish, 1990), it was used it to calculate a weighted 
mean 207Pb/235U age of 985 ± 4.2 Ma (MSWD = 0.91) (Fig. 6.1b, c). The 207Pb/206Pb age is 
965.4 ± 3.5 (MSWD = 0.63) and slightly younger than the 207Pb/235U age (Fig. 6.1c). The seven 
remaining analyses (not shown in Fig. 6.1c) are excluded from the weighted mean age 




Zircon crystals from the simple pegmatites of the western domain show normal discordancy of 
> 80% likely reflecting Pb loss and/or common Pb contamination and could not be used for 
age calculations.  
 
Fig. 6.1: (a) Representative SEM-BSE image of a selected area of the analysed monazite from 
Core zone I (NC-18-04B) of the Witkop pegmatite. Yellow circles indicate the position of the 
U-Pb analyses. Spot dates indicated are (white highlighted text) 207Pb/206Pb dates and (red 
highlighted text) 206Pb/238U dates with uncertainties on the spot dates given at the 1σ level. (b) 
Wetherhill concordia diagram for monazite, errors are shown as 2σ ellipses. (c) Weighted mean 
207Pb/235U (Ma) spot date diagram where black lines are reported as 2σ errors. 
 
6.2. Central domain 
A significant number of monazite crystals was recovered from the Monazite zone of the 
Koegab pegmatite, mounted and analysed in a grain mount. The monazites, with a size of 3 to 
5 mm, are anhedral and locally host a 2 mm large apatite inclusion (Fig. 4.6c). Nine crystals 
were analysed for their U-Pb systematics, avoiding cracks and inclusion-rich zones (Fig. 6.2a) 
and the U-Pb results are provided in Electronic Appendix-3. Thirty-nine spot analyses were 
conducted and plotted in a concordia diagram (Fig. 6.2b). Thirty-six analyses plot as a sub-
concordant cluster (0 to -5%) and yield a weighted mean 206Pb/238U age of 977.4 ± 2.4 (MSWD 
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= 0.91) (Fig. 6.2c). The weighted mean 207Pb/206Pb age is 992.4 ± 2.4 Ma (MSWD = 4.4) (Fig. 
6.2c). Three analyses corrected for common Pb (206Pbc = 0.03%) are slightly reversely 
discordant (+2 to + 4%) and yield a wider range in 207Pb/206Pb dates from 985 ± 4 to 1006 ± 3 
Ma (Electronic Appendix-3). They were therefore excluded from the calculation of the 
weighted mean ages. 
 
Fig. 6.2: (a) Representative SEM-BSE images of analysed monazite from the Monazite zone 
(NC-18-14) of the Koegab pegmatite. Yellow circles indicate the position of the U-Pb analyses. 
Spot dates indicated are (white highlighted text) 207Pb/206Pb dates and (red highlighted text) 
206Pb/238U dates with uncertainties on the spot dates given at the 1σ level. (b) Wetherhill 
concordia diagram for monazite, errors are shown as 2σ ellipses. Ellipses shown with orange 
dashed outlines represent analyses corrected for common Pb that were not included in the 
weighted mean age calculation (c) Weighted mean 207Pb/206Pb (Ma) spot date diagram where 




A significant amount of titanite crystals was recovered in the CD-S-C pegmatite in the central 
domain, mounted and analysed in a grain mount. The titanite crystals, with a size of 250 to 500 
µm, are generally anhedral and subrounded in shape (Fig. 6.3a). Thirty-six U-Pb analyses on 
twenty-nine titanite crystals were performed and the results are provided in Electronic 
Appendix-3. Twenty-six spot analyses of the titanite have a lower intercept age of 1042.7 ± 5.0 
Ma (MSWD = 1.5) on a Tera-Wasserburg diagram (Fig. 6.3b). The remaining ten analyses that 
gace older dates were excluded from the age calculation because they are interpreted as 
inherited.  
 
Fig. 6.3: (a) Representative SEM-BSE images of analysed titanite from the CD-S-C (NC-18-
20) from simple pegmatites. Yellow circles indicate the position of the U-Pb analyses. Spot 
dates indicated are (white highlighted text) 207Pb/206Pb dates and (red highlighted text) 
206Pb/238U dates with uncertainties on the spot dates given at the 1σ level. (b) Tera-Wasserburg 
diagram for titanite. Ellipses shown with grey dashed outlines represent analyses with older 
dates that were not included for the calculation of the intercept age. Error ellipses are reported 
at 2σ. 
 
6.3. Eastern domain 
A limited number of monazite crystals was found in the Sidi-Barrani pegmatite-1 and analysed 
in a grain mount. The monazites are 50 to 100 µm in size, are generally angular to subangular 
in shape, showing patchy textures (Fig. 6.4a). Twenty-two analyses on seven monazite crystals 
were analysed for their U-Pb ages and the results are reported in Electronic Appendix-4. 
Sixteen spot analyses on the monazites plot as a slightly discordant cluster (0 to -9%) in the 
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concordia diagram (Fig. 6.4b) and yield a weighted mean 206Pb/238U age of  968.8 ± 4.5 Ma 
(MSWD = 1.3) and a  207Pb/206Pb weighted mean age of 1010.3 ± 8.9 Ma (MSWD = 3.0) (Fig. 
6.4c). The remaining six analyses are characterised by older dates and were excluded from the 
weighted mean age calculation because they are interpreted as inherited as they are rich in 
common-Pb with 206Pb/204Pb ratios of 1495 to 3640 (Electronic Appendix-4) 
 
Fig. 6.4: (a) Representative SEM BSE images of analysed monazite from the Sidi-Barrani 
pegmatite -1 (NC-18-33). Yellow circles indicate the position of the U-Pb analyses. Spot dates 
indicated are (white highlighted text) 207Pb/206Pb dates and (red highlighted text) 206Pb/238U 
dates with uncertainties on the spot dates given at the 1σ level. (b) Wetherhill concordia 
diagram for monazite, errors are shown as 2σ ellipses. (c) Weighted mean 207Pb/206Pb (Ma) 
spot date diagram where black lines are reported as 2σ errors. 
 
A few titanite crystals were recovered from the ED-S-A simple pegmatite and analysed in a 
grain mount. The titanites are generally anhedral and angular in shape with sizes from 50 to 
250 µm (Fig. 6.5a, b). Eleven crystals were analysed for their U-Pb systematics (Electronic 
Appendix-4), avoiding fractures and inclusion-rich zones. Twenty-three spot analyses were 
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conducted on the titanite crystals and corrected for common Pb. A cluster of twelve analyses 
yields a concordia age of 1025.1 ± 5.8 Ma (MSWD = 2.1) whereas eleven analyses that are 
strongly reverse discordant (dashed orange ellipses) were excluded from the calculation of the 
concordia age (Fig. 6.5c). The same analyses, uncorrected for common-Pb have a lower 
intercept age of 1024.3 ± 9.0 Ma (MSWD = 3.5) (Fig. 6.5d). This intercept age is identical 
within error to the concordia age obtained using the common Pb corrected data. 
 
Fig. 6.5: U-Pb data on titanite from the simple pegmatites (a-b) Representative SEM BSE 
images of analysed titanite from the ED-S-A pegmatite (NC-18-25) from simple pegmatites. 
Yellow circles indicate the position of the U-Pb analyses. Spot dates indicated are (white 
highlighted text) 207Pb/206Pb dates and (red highlighted text) 206Pb/238U dates with uncertainties 
given at the 1σ level. (c) Tera-Wasserburg diagram for titanite analyses corrected for common 
Pb. Errors are shown as 2σ ellipses. Ellipses shown with orange dashed outlines are strongly 
reverse discordant and were not used for the calculation of the concordia age. (d) The same 




6.4. Summary of ages from all domains 
In summary, U-Pb monazite ages from complex pegmatites in the western, central and eastern 
domains are younger compared to U-Pb titanite ages from the simple pegmatites (Table 6.1). 
The mean 206Pb/238U age is preferred over the mean 207Pb/206Pb age for the monazite of the 
Koegab and Sidi-Barrani pegmatites, as the former yields lower MSWD values. The mean 
207Pb/235U age is interpreted as best representative of monazite crystallization for the Witkop 
pegmatite as the data are slightly reverse discordant (Parrish, 1990) (Fig. 6.1; Table 5.8). The 
concordia (ED-S-A) and lower intercept age (CD-S-C) were selected as representatives for 
simple pegmatites. A summary of all ages in complex and simple pegmatites per domain as 
well as selected representative ages is provided in Table 6.1. 
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Table 6.1: Summary table of the U-Pb age data, including pegmatite name, sample name, mineral analysed and selected representative ages for 




















Witkop NC-18-04B monazite 
Thin 
section 
985 ± 4.2 
Ma 
965.4 ± 3.5 
Ma 
993.9 ± 5.8 
Ma 
- - 








992.4 ± 2.4 
Ma 
977.4 ± 2.4 
Ma 
- - 
#977.4 ± 2.4 Ma 
(MSWD=0.91) 
CD-S-C NC-18-20 titanite 
Grain 
mount 
- - - - 
1042.7 ± 
5.0 Ma 













968.8 ± 4.5 
Ma 
- - 
#968.8 ± 4.5Ma 
(MSWD=1.3) 
ED-S-A NC-18-25 titanite 
Grain 
mount 





+1025.1 ± 5.8 Ma 
(MSWD=3.5) 
* = Weighted mean 207Pb/235U age  
# = Weighted mean 206Pb/238U age 
^ = Lower intercept age 




Age and emplacement of complex and simple pegmatites 
Previous U-Pb geochronological studies in the ORPB focussed mostly on pegmatites in the 
western parts of the belts (e.g., Melcher, 2008; Lambert, 2013; Ballouard et al., 2020), with the 
exception of the study of Doggart (2019), which covers a broader range of pegmatites that 
occur in the various tectonic domains of the Namaqua Sector. The pegmatites from these 
studies range in age from ~ 1040 to 960 Ma (Fig. 7.1). Due to the scarcity of recent 
geochronological data on NYF pegmatites in the ORPB, one objective of this study is to 
characterise complex and simple NYF pegmatites that occur in the Kakamas Domain of the 
Namaqua Sector in terms of their ages, to ascertain the differences and similarities between the 
emplacement ages of these pegmatites. The results from the U-Pb analyses in this study show 
that the complex pegmatites (Witkop, Koegab, Sidi-Barrani pegmatite-1), which were analysed 
using monazite crystals, are younger (968.8 ± 4.5 to 985 ± 4.2 Ma) than simple pegmatites 
(CD-S-C, ED-S-A), analysed using titanite (1025.1 ± 5.8 to 1042.7 ± 5.0 Ma) (Table 6.1). The 
pegmatites thus intruded into the Kakamas Domain during an extended period of ~ 60 Ma; 
however, the difference in age between the complex and simple pegmatites is at least 40 Myr. 
The Witkop pegmatite intruded the 1101 ± 6 Ma Naros Granite, which belongs to the I-type 
granitoids of the Komsberg Suite, dated at 1120-1105 Ma (Bial et al., 2015a) in the western 
Kakamas Domain (Chapter 3). Peak metamorphic conditions in the western Kakamas Domain 
reached 800-900 °C at ~ 5.0 kbar, synchronous with the onset of D2 deformation at ~ 1200 Ma 
(Bial et al., 2015b). The Witkop pegmatite appears to be the oldest dated pegmatite from all 
complex pegmatites analysed, with a magmatic crystallisation age of 985 ± 4 Ma. (Fig. 7.1; 
Table 7.1). The Witkop pegmatite is roughly zoned, with the dated sample (NC-18-04B) taken 
from Core zone I (Chapter 3). The age of the Witkop pegmatite is identical within error to the 
age determined by Doggart (2019) for one of the pegmatites sampled in the LFROTZ (Macey 
et al., 2015), between the Kakamas Domain and Pella Domain as well as one sample from the 
Kakamas Domain (Fig. 7.1). These samples are among the youngest dated pegmatites in the 
study by Doggart (2019).  The pegmatite dated by Doggart (2019) from the LFROTZ 
(SDORPB16-06) is a weakly to strongly zoned LCT pegmatite, with a magmatic age of 986 ± 
4 Ma (Fig. 7.1; Table 7.1). The LFROTZ comprises amphibolite-facies mélange of thrust slices 
with peak metamorphic conditions at ~ 5-7 kbar and 600-670 °C, occurring during D2a 
thrusting at ~ 1100 Ma (Macey et al., 2015). Therefore, the crystallisation age of the pegmatite 
from Doggart (2019) and the Witkop pegmatite from our study post-date the peak 
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metamorphism and deformation in the LFROTZ by more than 100 Myr.  The pegmatite in the 
Riemvasmaak area of the Kakamas Domain described by Doggart (2019) (SDORPB15-17) 
was interpreted as a mixed NYF-LCT-type pegmatite and has a magmatic age of 984 ± 4 Ma 
(Doggart, 2019, Fig. 7.1). The pegmatite is enriched in fluorite, yttrium-rich minerals and 
columbite (Doggart, 2019). Based on the classification of pegmatites by Černý and Ercit (2005) 
and the enrichment in minerals characteristic for NYF pegmatites, the SDORPB15-17 
pegmatite appears to be a NYF-type pegmatite rather than a mixed NYF-LCT type as suggested 
by Doggart (2019).  Pegmatite samples dated by Doggart (2019) from the Kakamas Domain 
have an older xenocrystic monazite component (~ 1200 Ma), which reflects the initial D2a 
tecono-magmatic event at the onset of the Namaqua Orogeny, associated with the juxtaposition 
of the various Namaqua tectonic domains (Bial et al., 2016; Macey et al., 2015; 2017). 
However, a younger group of inherited monazite crystals (1145 ± 4 and 1092 ± 7 Ma) may 
reflect D3 tectono-magmatic events within the Kakamas Domain (Macey et al., 2015; Doggart, 
2019). The D3 event in the Kakamas (and Areachap) Domain is associated with the intrusion 
of syn- to post-tectonic granites (i.e intrusion of the Komsberg and Keimoes Suites) in the 
1100-1085 Ma period, and 1097-1033 Ma in the Bushmanland Subprovince (Colliston et al., 
2015; Macey et al., 2015, 2018; Bial et al., 2015b; Bailie et al., 2017). Therefore, these 
pegmatites post-date the syn-tectonic intrusions. 
The Witkop pegmatite has a magmatic age that is identical within error to the KOK-17-8 
sample from the Li-Ta-Be Kokerboomrand I pegmatite (aplite border) in the Vioolsdrif 
Domain of the Richtersveld magmatic arc (Ballouard et al., 2020), which is dated at 986 ± 4 
Ma (Table 7.1). The Li-Ta-Be Kokerboomrand I pegmatite is a heterogeneous and complex 
LCT pegmatite north of Steinkopf, which intruded the Gaarseep granodiorite of the Vioolsdrif 
Suite (Ballouard et al., 2020). Inherited monazite ages from LCT pegmatites in the Vioolsdrif 
Domain yield ages between 1085 ± 30 and 1209 ± 28 Ma (Doggart, 2019) and an inherited 
zircon age of 1871 ± 8 Ma (Ballouard et al., 2020). The Vioolsdrif Domain experienced 
greenschist-facies metamorphism (M1) during the D1 Orange River Orogeny at 1800 Ma, 
however, it was largely unaffected by metamorphism throughout the pervasive D2-D3 tectono-
metamorphic events of the Namaqua Orogeny at 1200 (Macey et al., 2017). Therefore, 
pegmatite magmas in the Vioolsdrif Domain were possibly sourced from other domains of the 
Namaqua Sector, such as the portions of the granulite- to amphibolite-facies Bushmanland 
Subprovince that were underthrusted below the Richtersveld magmatic arc during the Namaqua 




Fig. 7.1: Geological map of the NNMP illustrating the distribution of monazite U-Pb emplacement ages for the pegmatites in the ORPB. Pegmatites 
analysed in this study are represented by yellow outlined diamonds and yellow text. Pegmatites dated by Lambert (2013) are represented by stars 
and white text boxes. Pegmatites dated by Doggart (2019) are in squares and black text. A pegmatite dated by Ballouard et al. (2020) is represented 
by a red outlined circle and red text. (Modified after Doggart, 2019).
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The Koegab pegmatite intruded the 1.2 to 1.8 Ga Vyfbeker Metamorphic Suite (Cornell et al., 
2006; Fransson, 2008) in the central domain (Chapter 3) and has a magmatic age of 977 ± 2 
Ma (Fig.7.1; Table 7.1). The age of the sampled Koegab pegmatite (NC-18-14) is comparable 
to two pegmatites dated by Doggart (2019). One pegmatite sample (RPGV14) is from a 
homogeneous pegmatite in the Pella Domain in southern Namibia (Fig. 7.1), which has a 
magmatic age of 973 ± 4 Ma and the other pegmatite (SDORPB15-15c) is from a simple and 
zoned pegmatite in the LFROTZ (Table 7.1) with an intrusive age of 976 ± 6 Ma (Fig. 7.1). 
The Koegab pegmatite is also similar in age to a pegmatite sample (KG36) dated by Lambert 
(2013) in the Pella Domain with a crystallisation age of 973 ± 4 Ma (Fig. 7.1). This pegmatite 
occurs as a sill in the Skimmelberg Pegmatite Stockwork within the Pofadder Shear Zone 
(Lambert, 2013). The Pella Domain experienced M2 amphibolite-facies metamorphism 
associated with D2 deformation and thrusting at 1200 and 1150 Ma, with peak conditions of ~ 
600 °C at 5-6 kbar (Bial et al., 2015b, 2016; Macey et al., 2017).  
The CD-S-C pegmatite in the central domain is hosted by the 1156 Ma old Riemvasmaak 
Gneiss (Pettersson, 2008), which forms part of the syn-tectonic granite suite that intruded 
between 1175 and 1146 across the major tectonic boundary between the Kakamas and 
Areachap Domains (Colliston et al., 2015; Bailie et al., 2017). This indicates that the 
juxtaposition of these two domains occurred before ~ 1160 Ma. The sampled pegmatite (NC-
18-20) has a crystallisation age of 1043 ± 5 Ma (Fig. 7.1; Table 7.1), much older than its 
complex counter-parts and also one of the oldest dated pegmatites from our study and all 
currently dated pegmatites from the ORPB (Lambert, 2013; Doggart, 2019; Ballouard et al., 
2020; Fig. 7.1). The CD-S-C pegmatite is identical within error to one pegmatite from Doggart 
(2019), namely sample SD2015-11 from a simple and unzoned pegmatite in the Vioolsdrif 
Domain with a crystallisation age of 1038 ± 7 Ma (Fig. 7.1). The emplacement of the CD-S-C 
pegmatite is contemporaneous with the intrusion of Cu-rich mafic igneous rocks of the 
Koperberg Suite at 1010-1060 in the Bushmanland Subprovince (Fig. 7.2; Gibson et al., 1996; 
Clifford et al., 2004). This intrusion occurred during the D3 large-scale folding event, which is 
associated with the development of steep structures that host the Koperberg Suite (Gibson et 
al., 1996; Clifford et al., 2004). The CD-S-C was emplaced during the D3 large-scale folding, 




Table 7.1: Summary table for U-Pb geochronology for pegmatite samples from the ORPB. Includes geographical co-ordinates in decimal degrees, 





















#977 ± 2 Ma 
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#969 ± 5 Ma 











-28.99588 Vioolsdrif Vioolsdrif Suite 
Heterogeneous and 
complex LCT-type 
986 ± 4 Ma 
Ballouard et 
al. (2020) 
 SD2015-10 18.2539 -28.8103 Vioolsdrif Tsams-ORG 
Unzoned rare-
element class 




SD2015-11 18.2637 -28.7936 Vioolsdrif Ramansdrif 
Simple and 
unzoned 
1038 ± 7 Ma 
SDORPB15-
09 
18.2847 -289097 Vioolsdrif 
Goodhouse 
Subsuite 
Rare-element class 1004 ± 6 Ma 
SDORPB15-
4b 










17.9717 -28.9670 Vioolsdrif Ramansdrif Zoned LCT-type 1007 ± 5 Ma 
SDORPB16-
04 
18.1438 -28.9735 Vioolsdrif 
Goodhouse 
Subsuite 
Complexly zoned 993 ± 12 Ma 
SDORPB16-
05 





1020 ± 11 Ma 





973 ± 4 Ma 





992 ± 6 Ma 
SD2015-13 18.7599 -28.7211 Pella Umeis 
Simple and 
unzoned 
1005 ± 8 Ma 
SDORPB15-
10 





1016 ± 6 Ma 
 
CM38A 19.0489 -28.8929 Pella Noudap Gneiss 
undeformed and 
unzoned 
994 ± 3 Ma 
Lambert 
(2013) 






CP31C 19.0621 -28.8781 Pella Noudap Gneiss 
Deformed 
pegmatite 
1005 ± 5 Ma 
KG36 19.2162 -28.9090 Pella 
Feldspathic 
orthogneiss 
Pegmatite sill 973 ± 4 Ma 
 










19.5555 -28.7586 LFROTZ Skuitklip Simple, zoned 976 ± 6 Ma 
SDORPB16-
06 





19.4698 -28.7640 LFROTZ Beenbreek 
Zoned rare-earth 
class 
994 ± 3 Ma 
SDORPB15-
17 
20.0725 -28.4601 Kakamas Twakputs 
Zoned muscovite 
rare-element 
984 ± 4 Ma 
SDORPB15-
18 
20.2958 -28.4293 Kakamas Donkiebound 
Simple and 
unzoned 
1015 ± 7 Ma 
SDORPB15-
20 
20.6005 -28.7880 Kakamas Riemvasmaak 
Simple rare-
element class 
990 ± 5 Ma 
SDORPB16-8 19.8711 -28.5312 Kakamas 
Witwater/ 
Narries contact 
Simple, zoned 994 ± 4 Ma 









21.6680 -29.4434 Kakamas Jacomynspan Grp Zoned LCT-type 993±5 Ma 
Concordia ages and     * = mean 207Pb/235U age 
                                    # = mean 207Pb/238U age 
                                    + = complex pegmatites (U-Pb ages on monazite) 
                                   ^ = simple pegmatites (U-Pb ages on titanite)  




Fig. 7.2: The timing of contemporaneous tectonic, magmatic and metamorphic events in the NNMP relative to the intrusion of the pegmatites in 
the Orange River pegmatite belt (ORPB), from 960 to 1060 Ma. (a) Age histogram of complex and simple pegmatites from this study in the 
western, central and eastern domains and ages of pegmatites in the ORPB from literature. (b) Age histogram of the same pegmatites in (a) with 
pegmatites from literature studies classified as complex or simple. Literature studies include pegmatites from Lambert (2013), Doggart (2019) and 
Ballouard et al. (2020). Summary of tectonic, magmatic and metamorphic events in the NNMP from Ballouard et al. (2020). 
Abbreviations: 
WD: Western domain; CD: Central domain; ED: Eastern domain; BSP: Bushmanland Subprovince; RMA: Richtersveld magmatic arc; KD: 
Kakamas Domain; AD: Areachap Domain; grans: granulite: amp: amphibolite; greens: greenschist.
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The Sidi-Barrani pegmatite-1 is the youngest dated pegmatite from all complex pegmatites 
with a crystallisation age of 969 ± 5 Ma (Fig. 7.1). The Sidi-Barrani pegmatite-1 intrudes the 
1.2 to 1.8 Ga Vyfbeker Metamorphic Suite (Cornell et al., 2006; Fransson, 2008), further south 
towards the Kenhardt area (Chapter 3). The age of the Sidi-Barrani pegmatite-1 is identical 
within error to sample H515HF1 from a simple and homogeneous pegmatite from the 
LFROTZ, which has a magmatic age of 966 ± 3 Ma (Doggart, 2019; Fig. 7.1; Table 7.1) and a 
sample CM13B from Lambert (2013) with a magmatic age of 958 ± 3 Ma (Fig. 7.1) in the Pella 
Domain.  
The ED-S-A pegmatite was emplaced into the Korannaland supracrustal sequence (Cornell et 
al., 2006). The Korannaland Group is characterised by several supracrustal lithologies with a 
minimum depositional age ~ 1166 Ma, and a subsequent metamorphic event at 1100 Ma 
(Fransson, 2008). The sampled ED-S-A pegmatite (NC-18-25) has a magmatic age of 1025 ± 
6 Ma, much older than the Sidi-Barrani pegmatite-1, but nevertheless the youngest of the dated 
simple pegmatites in this study (Table 7.1). The crystallisation age of the ED-S-A pegmatite is 
identical within error to sample SDORPB16-05 from a complexly zoned LCT pegmatite in the 
Vioolsdrif Domain, aged 1020 ± 11 Ma (Fig. 7.1; Doggart, 2019). Similar to the CD-S-C 
pegmatite, the emplacement of the ED-S-A pegmatite occurred during the intrusion of mafic 
igneous rocks of the Koperberg Suite during the D3 large-scale folding event in the 
Bushmanland Subprovince (Fig. 7.2; Gibson et al., 1996; Clifford et al., 2004) 
 
Intrusion of the complex and simple pegmatites in relation to contemporaneous geologic 
events of the NNMP 
The geochronology presented in this study shows that complex and simple pegmatites were 
emplaced over a protracted period of ~ 60 Ma (Fig. 7.1), tens of millions of years later than the 
timing of the main D2 tectonic event at 1200-1150 Ma, which was associated with voluminous 
igneous intrusions and metamorphism (Miller, 2008; Pettersson, 2008; Bial et al., 2015b, 
2016). 
The structural controls for pegmatite emplacement have been studied in detail for a small area 
on the western part of the ORPB (Lambert, 2013). This study on the southern Namibian parts 
of the NNMP showed that, on a regional scale, pegmatite emplacement is synchronous with 
D4 dextral deformation that occurred between 1008 and 970 Ma along subvertical structures 
such as the Pofadder Shear Zone (Lambert, 2013). A more detailed structural study is required 
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especially for pegmatites outside these regions to better understand the geological conditions 
that controlled pegmatite magma emplacement. However, the age dates from our study (Fig. 
7.2) show at least a temporal link between late D3 large-scale folding, D4 dextral shearing and 
pegmatite intrusion (Fig. 7.2a, b).  
The intrusion of the Witkop pegmatite, Koegab and Sidi-Barrani pegmatite-1 pegmatites in the 
western, central and eastern domains respectively is coeval with the late D4 dextral shearing 
(Fig. 7.2a, b; Macey et al., 2015) event which cross-cuts and reorientates rocks and fabrics of 
the Namaqua sector (Macey et al., 2015). The largest of these D4 structures is the ~ 1.0 Ga 
Marshal Rocks-Pofadder Shear Zone, which crosscuts and reworks lithologies in the 
Richterveld magmatic arc and northern Bushmanland Subprovince (Macey et al., 2015).  
The emplacement of the CD-S-C and ED-S-A pegmatites in the central and eastern domains is 
contemporaneous with the intrusion of Cu-bearing norite bodies of the post-tectonic Koperber 
Suite at 1010-1060 in the Bushmanland Subprovince (Fig. 7.2a; Gibson et al., 1996; Clifford 
et al., 2004). This intrusion occurred during the D3 large-scale folding event, which is 
associated with the development of steep structures that host the Koperberg Suite (Gibson et 
al., 1996; Clifford et al., 2004). 
 
Potential source of complex and simple pegmatites 
Following the age differences between complex and simple pegmatites, another objective of 
the study was characterising these pegmatites in terms of their mineralogy and REE-bearing 
minerals and ascertain whether mineralogical differences exist between the complex 
pegmatites (enriched in REE-U-Th-rich mineral phases) and simple pegmatites (with minor 
concentrations of REE-U-Th-bearing mineral phases). The results from our petrographic 
studies, coupled with SEM-EDS analyses on REE-bearing mineral phases show that both 
complex and simple pegmatites contain REE-bearing mineral phases (Table 4.1; Fig. 4.13). 
However, in addition to the common rock forming minerals (quartz, feldspars and micas), the 
complex pegmatites (Witkop, Koegab, Sidi-Barrani pegmatite-1) generally show, not 
unexpectedly, a wider variety and greater abundance of REE-bearing mineral phases compared 
to the simple pegmatites (CD-S-C and ED-S-A) (Table 4.1; Fig. 4.13). Generally, the size of 
the REE-bearing minerals is larger in complex pegmatites than in simple, for instance: 
monazite-(Ce) in the Witkop pegmatite occurs as > 1 mm-large crystals whereas monazite-
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(Ce) from the simple pegmatites (WD-S-B) occurs as small ~ 10 µm crystals (Fig. 4.2c and 
Fig. 4.4f). 
Both complex and simple pegmatites generally include euxenite, monazite, fluorite or 
xenotime, which are known to be characteristic minerals of NYF pegmatites (Černý and Ercit, 
2005), but since complex pegmatites are characterised by younger ages compared to simple 
pegmatites, with an up to 60 Ma age difference between the emplacement of the two 
pegmatites, this raises the possibility of the pegmatite groups being derived from different 
sources, which were perhaps enriched in REE to different extents. This would explain why 
complex pegmatites have a higher concentration in REE-bearing minerals compared to its 
simple counter-parts, which may have been derived from less enriched sources. However, due 
to the lack of spatially, temporally or geochemically associated parental granites to the exposed 
ORPB pegmatites, their formation via extended fractional crystallisation associated with a 
granitic magma (residual pegmatites) is improbable, but based on the geochronology in this 
dissertation and no contemporaneous granites to the pegmatites, their formation may be related 
to the partial melting of crustal sources without intermediate differentiation in a granitic pluton 
thus favouring an anatectic origin for the pegmatites. 
Sm-Nd isotopic data compiled by Doggart (2019) for lithologies in the Kakamas Domain are 
variable, with a range in εNdt values from -2.0 to 3.7 for granitoids formed during D2a thrusting 
at 1.2 Ga, from -2.1 to 2.8 for syn-tectonic orthogneisses and from -1.2 to 0.1 and -2.6 to 2.8 
for the Keimoes Suite. The monazite of the pegmatites from the Kakamas Domain analysed by 
Doggart (2019) have similar Sm-Nd isotope compositions to the KD country rocks, however, 
with slightly lower εNdt values from -3.5 to -1.4, similar to what is expected for derivation 
from young Paleoproterozoic crust. The two-stage depleted model ages (T2DM) for the 
pegmatites are 1.8-1.7 Ga, suggesting reworking of the KD late Proterozoic crustal materials 
with no juvenile magmatic input from the mantle. The melting of these supracrustal rocks may 
have formed the parental magmas for the pegmatites in the Kakamas Domain (Thomas et al., 
2016; Macey et al., 2017). However, Diener et al. (2013), Bial et al. (2015b) and Bailie et al. 
(2017) argue that the country rocks of the KD are poly-metamorphic and reached granulite 
metamorphism throughout the Namaqua Orogeny, with a restitic composition and thereby 
eliminating the possibility as fertile sources to the pegmatites in the domain. The 986 ± 4 Ma 
pegmatite (SDORPB16-06) in the LFROTZ from Doggart (2019), which is identical within 
error to the 985 ± 4.2 Ma Witkop pegmatite from our study, post-dates the peak of 
metamorphism and deformation in the LFROTZ by more than 100 Myr. Therefore, the young 
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crystallisation age of these pegmatites shows that they could not have formed via partial 
melting during the peak of metamorphism in the LFROTZ at 1100 Ma (Macey et al., 2015).   
The other domain for possible parental magmas to the pegmatites in the KD is the upper 
amphibolite to upper granulite-facies Bushmanland Subprovince, which is dominated by 
Paleoproterozoic crust with Mesoproterozoic signatures, similar to the Kakamas domain 
(Pettersson et al., 2009; Bailie et al., 2011, 2017; Macey et al, 2018). Some authors have 
supported the formation of pegmatites, even where a parent granite is uncertain (Crouse and 
Černý, 1972; Jahns and Ewing, 1976; Černý and Ercit, 2005; Stilling et al., 2006; Buick et al., 
2008; Hulsbosch et al., 2014; London, 2014; Roda-Robles et al., 2018). In light of this 
possibility, the melting of the low- to medium-grade BSP metasediments at depth, under the 
Kakamas Domain may have taken place and initiated partial melting of the Kakamas Domain 
country rocks. However, due to the long period of pegmatite emplacement (~ 60 Ma) between 
complex and simple pegmatites, the timing of the melting is complicated. 
The older ~ 1042 Ma CD-S-A and ~ 1025 Ma ED-S-A pegmatite emplacement was 
synchronous with the D3-M3 magmatism seen within the Bushmanland Subprovince and the 
intrusion of the mafic Koperberg Suite (Clifford et al., 2004; Macey et al., 2018; Fig. 7.2), 
suggesting that melting for pegmatite forming magmas was formed during this late D3-M3 
magmatism.  
 
Micas as recorders of differentiation processes between complex and simple pegmatites 
Trace element ratios such as K/Rb, K/Cs, Fe/Mn and Nb/Ta ratios have been proposed as 
effective markers for the degree of fractionation in pegmatites (Černý et al., 1985). Therefore, 
the trace element compositions of mica have been used to document the extent of fractionation 
between complex and simple pegmatites, between and within domains (ie. western, central, 
eastern) to argue for a similar and/or differing source between complex and simple pegmatites. 
Rare-element enrichment and/or depletion in complex and simple pegmatites of the study 
appears to be controlled by textural relationships that classify micas as either primary or late-
primary (early minerals) to secondary (late minerals) (Chapter 4). Therefore, rare-element 
enrichment can not be used as a proxy to connect complex and simple pegmatites to the same 
pegmatite melt. However, rare-element enrichment can be used to confirm the probability of 
the pegmatites being derived from different sources, which were likely variably enriched in 




The Orange River pegmatite belt (ORPB) is a ~ 450 km long and 40-50 km wide belt containing 
more than 30,000 individual pegmatites, emplaced across the various domains of the Namaqua 
Sector of the Namaqua-Natal Metamorphic Province (NNMP). Generally, LCT pegmatites 
occur predominantly in the western and eastern extremities, whereas NYF pegmatites dominate 
the central parts of the pegmatite belt.  The pegmatites vary in shape and size, from thin veins 
or dykes to irregular bodies as well as complexity, from simple and unzoned to complexly 
zoned rare-element pegmatites of the LCT family. Based on a regional scale study in the 
southern Namibian parts of the NNMP, pegmatite emplacement is synchronous with the D4 
shear deformation event that occurred between 1008 and 970 Ma along subvertical structures 
such as the Pofadder Shear Zone (Lambert, 2013). 
Complex and Simple pegmatites in the ORPB have been emplaced over a protracted (~ 60 
Myr) period into the Kakamas Domain, which is thrust over the Bushmanland Subprovince 
and is separated from the Richtersveld magmatic arc by the LFROTZ. The complex pegmatites 
generally have younger emplacement ages than simple pegmatites; however, within the 
complex group of pegmatites, the oldest pegmatites are from those within the western domain 
(i.e Witkop pegmatite) and the oldest in the eastern domain (i.e Sidi-Barrani pegmatite-1). The 
simple pegmatites are among the oldest pegmatites analysed in this study, as well as all 
currently dated pegmatites from the ORPB. The country rocks of the Kakamas Domain 
experienced high-temperature, low pressure amphibolite- to granulite-facies metamorphism, 
which pre-dates pegmatite emplacement by atleast 10-100 Myr. 
The intrusion of the Witkop pegmatite, Koegab and Sidi-Barrani pegmatite-1 pegmatites in the 
western, central and eastern domains respectively is coeval with the late D4 dextral shearing 
(Macey et al., 2015) event which cross-cuts and reorientates rocks and fabrics of the Namaqua 
sector (Macey et al., 2015). The largest of these D4 structures is the ~ 1.0 Ga Marshal Rocks-
Pofadder Shear Zone, which crosscuts and reworks lithologies in the Richterveld magmatic arc 
and northern Bushmanland Subprovince (Macey et al., 2015). The emplacement of the CD-S-
C and ED-S-A pegmatites in the central and eastern domains is contemporaneous with the 
intrusion of Cu-bearing norite bodies of the post-tectonic Koperber Suite at 1010-1060 in the 
Bushmanland Subprovince (Fig. 7.2a; Gibson et al., 1996; Clifford et al., 2004). This intrusion 
occurred during the D3 large-scale folding event, which is associated with the development of 
steep structures that host the Koperberg Suite (Gibson et al., 1996; Clifford et al., 2004).  
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Due to the lack of spatially, temporally or geochemically associated parental granites to the 
exposed ORPB pegmatites, the formation of complex and simple pegmatites via extended 
fractional crystallisation associated with a granitic magma (residual pegmatites) is improbable, 
but based on the geochronology presented in this dissertation and no contemporaneous granites 
to the pegmatites, pegmatite formation may be related to the partial melting of crustal sources 
from other domains of the Namaqua Sector (e.g., Bushmanland Subprovince), thus favouring 
an anatectic origin for the pegmatites. The variable enrichment in rare-elements and age 
difference between complex and simple pegmatites argues for different pegmatite sources to 
these pegmatites and as a result, rare-element enrichment can not be used as a proxy to connect 
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APPENDIX A: SUMMARY OF SAMPLED PEGMATITES 
Table A: Summary of the pegmatites sampled in each domain, with GPS coordinates (WGS 1984) and 













Medium to coarse grained Border 
zone in contact with orthogneiss 
country rock 
Core zone I 
Hosts a black glassy mineral 
(hosting REE-bearing minerals) 
Core zone II Inner zone of the pegmatite 
Simple 
pegmatites 
WD-S-A 19.55493 -28.66930 
Intruded parallel to the strike of 
the country rock. 









Replacement body zone (minerals 
that occur have replaced pre-
existing ones) 
Monazite zone 







CD-S-A 20.59933 -28.78858 
Occurs as a concordant pegmatitic 
leucosome in a migmatitic felsic 
orthogneiss (Qtz-Fsp-Bt) 
CD-S-B 20.59933 -28.78858 
Occurs as a ~60 cm sub-
concordant pegmatite with 
ondulatory and poorly defined 
contact with country rock 
orthogneiss 
CD-S-C 20.59810 -28.78624 
Occurs as a sub-concordant and 













21.38739 -29.44570 ~ 10 m-thick dyke 
Simple 
pegmatites 
ED-S-A 21.19431 -29.13243 small ~ 3 m pegmatite 
ED-S-B 21.20499 -29.1206 small ~ 3 m pegmatite 
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APPENDIX B: ANALYTICAL PROTOCOL 
Petrographic studies of all samples were carried out at the SPECTRUM analytical facility and 
CIMERA microscope room of the University of Johannesburg. Selected samples were prepared 
as polished thin sections for microscopic studies and SEM-EDS analyses. Prior to making 
observations, the polished thin sections were coated with ~ 30 nm carbon to make their surfaces 
conductive for use by SEM-EDS. Thin section samples were prepared for EPMA, LA-ICPMS 
and grain mounts for U-Pb dating of monazite and titanite. Grain mounts were prepared by 
mounting crushed minerals in epoxy to create polished blocks. Where necessary, the polished 
blocks and thin sections were coated with ~30nm carbon to make their surfaces conductive 
Appendix B1: Microscopic studies 
Polished thin section studies were undertaken using an Olympus BX41 petrographic 
microscope in transmitted and reflected light mode in order to determine the mineralogical 
components of the samples from complex and simple pegmatites of the western, central and 
eastern domains. These minerals’ optical properties were studied plane-polarised light (PPL) 
and with crossed polars (XPL). Different objective lenses (5x, 10x, 20x, 50x) were used to 
capture the desired image. 
Appendix B2: Electron probe micro-analyser (EPMA) of minerals 
Table A3.1. Conditions of WDS microprobe analysis of feldspar. 
Element Line Crystal Reference Material Detection Limits (%) 
Na Ka TAP Jadeite 0.03 
Mg Ka TAP Olivine 0.02 
Si Ka TAP Diopside 0.03 
Al Ka TAP Almandine 0.02 
K Ka PET Orthoclase 0.03 
P Ka PET Apatite 0.03 
Ca Ka PET Wollastonite 0.04 
Fe Ka LLIF Hematite 0.04 
Rb La TAP Rb-bearing glass 0.01 
Cs La PET Cs-bearing glass 0.08 
Mn Ka LLIF Rhodonite 0.04 






Table A3.2. Conditions of WDS microprobe analysis of micas 
Element Line Crystal Reference Material Detection Limits (%) 
Si Ka TAP Diopside 0.03 
Al Ka TAP Almandine 0.03 
K Ka PET Orthoclase 0.03 
Ca Ka PET Wollastonite 0.03 
Fe Ka LLIF Hematite 0.05 
Rb La TAP Rb-bearing glass 0.04 
Cs La PET Cs-bearing glass 0.07 
Mn Ka LLIF Rhodonite 0.04 
Ti La LLIF Rutile 0.04 
F La PCO Fluorite 0.08 
Na Ka PCO Jadeite 0.03 
Mg Ka TAP Olivine 0.03 
 
 
 
 
 
 
 
 
